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Abstract 

Nonribosomal peptide synthetases are remarkable molecular machines that produce a wide range of 

structurally complex peptide natural products with important applications in medicine and agriculture. 

Condensation domains play a central role in these biosynthetic pathways by catalysing amide bond 

formation between various aminoacyl substrates. In recent years, however, it has become increasingly 

clear that the catalytic repertoire of C domains extends far beyond conventional peptide bond formation. 

C domains have been shown to perform highly diverse functions during nonribosomal peptide assembly, 

such as β-lactam formation, dehydration, hydrolysis, chain length control, cycloaddition, Pictet-Spengler 

cyclization, Dieckmann condensation and recruitment of auxiliary enzymes. In this review, a 

comprehensive overview of the multifaceted role of C domains in the biosynthesis of specialized 

metabolites in bacteria and fungi is presented. Different perspectives are also offered on how the 

exceptional functional versatility of C domains may be exploited for bioengineering approaches to expand 

the chemical diversity of nonribosomal peptides and other natural products.  

1. Introduction: the biosynthesis of nonribosomal peptides 

Microorganisms produce a wealth of structurally diverse specialized metabolites with a remarkable range 

of biological activities to improve their growth and survival in competitive environments.1,2 Many of these 

natural products also have important applications in medicine and agriculture due to their antibiotic, 

antiparasitic, insecticidal, cholesterol-lowering, immunomodulatory or anticancer properties.3,4 

Nonribosomal peptides represent a major class of structurally diverse and therapeutically relevant natural 

products (Fig. 1A). They are produced by large enzymatic assembly lines, known as nonribosomal peptide 

synthetases (NRPSs). Type I NRPSs are modular multienzyme complexes operate in a step-wise fashion to 

sequentially select, activate and link diverse amino acid building blocks. Each module is responsible for 

the incorporation of one building block and minimally consists of three core domains: an adenylation (A) 

domain, a peptidyl carrier protein (PCP) domain and a condensation (C) domain. First, the A domain 

selects a specific amino acid substrate and activates it as an aminoacyl adenylate before loading it onto 

the adjacent PCP domain (Fig. 1B). In addition to the standard set of 20 proteinogenic α-amino acids, A 

domains are capable of activating a variety of non-proteinogenic amino acids, carboxylic acids, α-hydroxy 

acids and even keto acids, thereby increasing the structural diversity of the final peptide product. PCP 

domains are post-translationally modified with a coenzyme A (CoA)-derived 4’-phosphopantetheinyl (4’-

Ppant) prosthetic group in a reaction catalysed by phosphopantetheinyl transferases. This Ppant moiety 

is equipped with a reactive thiol group that binds the biosynthetic intermediates via a thioester bond. It 

also functions as a swinging arm to transfer the intermediates to the catalytic sites of adjacent domains.  
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Fig. 1. (A) Examples of nonribosomal peptides with therapeutically important activities. (B) General principle of an NRPS 
elongation cycle. The A domain first activates a cognate amino acid with ATP to form an aminoacyl adenylate. The PCP domain 
binds the activated amino acid substrate as a thioester through the thiol moiety of its 4’-Ppant prosthetic group. The nucleophilic 
amine group of the PCP-bound amino acid then attacks the electrophilic thioester carbonyl carbon of the aminoacyl or peptidyl 
substrate from the upstream module, resulting in peptide bond formation. This chain elongation reaction is catalysed by the C 
domain. Carrier proteins and their associated phosphopantetheinyl groups are shown in as black dots. Each incorporated building 
block is presented in a distinct colour.  
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After a new amino acid building block is loaded onto the PCP domain, the C domain catalyses peptide 

bond formation between the PCP-bound aminoacyl substrate and the upstream peptidyl thioester 

intermediate bound to the PCP domain of the preceding module (Fig. 1B). The elongated peptidyl 

intermediate is then used as a substrate in the next round of chain extension catalysed by the C domain 

within the downstream module. The final module often contains a thioesterase (TE) domain at its C-

terminus which releases the fully assembled peptide via hydrolysis or macrocyclization. In addition to the 

C, A and PCP core domains, NRPS modules can contain a variety of auxiliary domains, such as 

epimerisation (E), C-/N-methyltransferase (C-/N-MT) or oxidation (OX) domains, that further modify the 

PCP-bound aminoacyl or peptidyl thioester intermediates. Moreover, trans-acting tailoring enzymes, such 

as glycosyltransferases and cytochrome P450 monooxygenases, typically introduce additional 

modifications after the peptide is released from the assembly line. These post-assembly modifications 

further increase the structural complexity and diversity, and are often essential for biological activity. 

Unlike type I NRPSs that involve large multifunctional enzymes, type II NRPS systems are composed of 

discrete monofunctional or didomain proteins that form multienzyme complexes together with 

specialised tailoring enzymes. They typically provide modified and unconventional amino acid building 

blocks to other biosynthetic pathways, such as fatty acid synthases, polyketide synthases and type I 

NRPSs.5 For detailed information on the genetics, enzymology, structure and engineering of NRPSs, the 

reader is referred to several excellent reviews that have been published over the last few years.6–13 In this 

review, we will highlight the remarkably versatile role of C domains in natural product biosynthesis. 

Indeed, as the number of characterized NRP biosynthetic pathways increases constantly, more and more 

C superfamily domains are identified whose function extends beyond conventional peptide bond 

formation. These enzymes do not only represent promising biocatalytic tools, but also offer exciting 

prospects as starting points for engineering biosynthetic assembly lines and producing novel natural 

product derivatives. 

 

2. The catalytic role of canonical condensation domains 

 

Most C domains involved in NRP biosynthesis are responsible for chain elongation by catalysing the 

condensation reaction between PCP-bound substrates of adjacent modules.14 Condensation is initiated 

by a nucleophilic attack of the α-amino group of the PCP-tethered aminoacyl monomer on the thioester 

carbonyl carbon of the aminoacyl or peptidyl thioester intermediate bound to the PCP domain in the 

preceding module (Fig. 1B). C domains are pseudo-dimeric enzymes of approximately 450 amino acids. 

They are composed of two subunits of similar size that form a V-like structure (Fig. 2).15–20 The catalytic 

site lies at the interface of both subdomains and is defined by a highly conserved HHxxxDG motif.21 Both 

subdomains are linked via a small floor loop at the bottom of the V and an additional bridging latch 

covering the active site.15–20 Condensation takes place when both the upstream and downstream PCP 

domain simultaneously interact with the C domain, as recently visualised in X-ray crystal structures of the 

dimodular linear gramicidin synthetase subunit A.22 The nearly symmetrical architecture of C domains 

allows insertion of the Ppant arm into the substrate tunnel, enabling access to the active site from two 

opposite sides.22 The first binding pocket, also referred to as the acceptor site, accommodates the 

downstream PCP-linked aminoacyl monomer. This site has been shown to exhibit a high degree of 
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selectivity towards the side chain and chirality of amino acid substrates.23–25 C domains have therefore 

been proposed to act as gatekeepers in NRP biosynthesis to avoid erroneous substrate incorporation, 

controlling the selection by the A domain26. However, recent work using natural evolution analyses and 

combinatorial exchange strategies indicates that this C domain selectivity is not a general precept.27 The 

second binding site, called the donor site, binds the peptidyl intermediate linked to the PCP domain of the 

upstream module. Although C domains generally exhibit a broader substrate specificity at their donor site, 

enantiomeric selectivity has been observed.23–25,28 C domains can therefore be categorized into two 

distinct groups, depending on their stereoselectivity. LCL domains link two L-configured amino acids, while 

C domains that couple a D-configured donor to an L-configured acceptor are referred to as DCL domains.29 

A series of elegant studies over the past few decades have provided many insights into the reaction 

mechanism of C domains. However, the catalytic roles of the active site residues remain a subject of 

debate. Initially, the second histidine residue in the HHxxxDG active site motif was proposed to act as a 

general base to deprotonate the α-amino group of the acceptor amino acid.14,30,31 However, mutational 

analyses have shown that this residue is not essential for catalytic activity in some C domains.15,32 

Moreover, theoretical estimations of pK values have suggested that the second histidine residue is 

protonated under physiological conditions, which would refute its role as general base.16 Instead, it has 

been proposed to stabilize the tetrahedral transition state.16  More recently, however, the crystal 

structure of an NRPS C domain in complex with an acceptor substrate mimic has revealed a hydrogen 

bond network involving the second histidine residue and the α-amino group of the substrate. These 

results strongly suggest that the histidine residue is not positively charged and is mainly responsible for 

ensuring correct substrate positioning.19  

 

 

Figure 2. Cartoon representation of the stand-alone C domain VibH. The N-terminal lobe is coloured in blue. The C-terminal part 
is shown in yellow. The conserved HHxxxDG motif is presented as orange sticks, with the catalytic histidine residue marked by an 
asterisk. The latch and floor loop are highlighted in pink and green, respectively. Structure rendered from PDB entry 1L5A. 

 

3. Functional diversity within the C domain superfamily  
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3.1 Starter C domains 

NRPS loading modules typically lack C domains because no condensation reaction is required for loading 

of the starter unit. A notable exception are lipopeptide synthetases, such as those that assemble 

daptomycin and surfactin. These assembly lines harbour an N-terminal starter C (Cs) domain. Cs domains 

cluster in a separate phylogenetic clade, but have the same HHxxxDG active site motif as canonical C 

domains.29 They are responsible for the conjugation of an activated fatty acid to the aminoacyl thioester 

bound to the PCP domain of the first module, a process called lipoinitiation (Fig. 3).29,33–36 These fatty acid 

moieties typically play an important role in the bioactivity of lipopeptides by increasing their 

hydrophobicity and their ability to interact with bacterial membranes.37 They are either derived from 

primary metabolism, like in daptomycin38 and surfactin biosynthesis34, or made by dedicated enzymes 

encoded in the biosynthetic gene cluster, as in the calcium-dependent lipopeptide antibiotics (CDA).39,40 

The acyl chains are often loaded onto a holo-acyl carrier protein (ACP) for delivery to the Cs domain. This 

activation and transfer reaction is catalysed by fatty acyl ligases.38,41 In other cases, the fatty acid chains 

are directly assembled on a trans-acting ACP domain in a separate pathway, like in CDA biosynthesis.39,40 

In the biosynthetic pathways of the surfactin, WAP-8294A and glidobactin lipopeptides, on the other 

hand, the Cs domains directly use CoA-activated free fatty acids.34,35,42 Some Cs domains are proposed to 

catalyse multiple simultaneous N-acylation reactions. In the biosynthesis of the isonitrile lipopeptides 

from Mycobacterium and Streptomyces, for example, the ScoA Cs domain is predicted to condense two 

isonitrile-modified fatty acids to both amino groups of a PCP-tethered lysine residue.43  

 

Figure 3. Fatty acid incorporation in surfactin biosynthesis. 3-hydroxy myristic acid is activated by a fatty acid CoA ligase and 
subsequently condensed with the PCP-bound glutamate starter unit by the N-terminal Cs domain of SrfAA. The  Cs domain is 
coloured in turquoise.  

Besides fatty acids, other substrates are also be incorporated by Cs domains. For instance, in the 

biosynthesis of the heptapeptide antibiotics JBIR-78 and JBIR-95 in Kibdelosporangium sp. AK-AA56, the 

Cs domain condenses phenylacetyl-CoA with the N-terminal valine thioester starter unit.44 In the 
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biosynthesis of the siderophore enterobactin, the EntF C domain iteratively couples 2,3-dihydroxybenzoic 

acid units to PCP-bound seryl residues until a trimer is assembled and macrocyclized by the TE domain. 

The 2,3-dihydroxybenzoic acid residues are first activated by the stand-alone A domain EntE and loaded 

onto the type II aryl carrier protein within EntB prior to the condensation reaction.45 Although the 

involvement of a type II NRPS differs from the typical mechanism of lipoinitiation, the EntF C domain falls 

into the same phylogenetic clade as starter C domains.29,46 Similar examples of aryl acid attachment are 

found in the biosynthesis of actinomycin and bacillibactin.47,48 

Among these various types of starter C domains, there are two that stand out due to their unique 

functionality: the bifunctional AebF Cs domain and the internal IcoA starter C domain in the biosynthetic 

pathways of amphi-enterobactin and icosalide A, respectively. 

 

3.1.1 Bifunctional activity 

Amphi-enterobactin is an amphiphilic enterobactin-like siderophore produced by the marine bacterium 

Vibrio campbelli BAA-1116.49 Its peptide backbone is composed of four serine residues. One is decorated 

with a fatty acid chain, while the other three are connected to 2,3-dihydroxybenzoic acid moieties. Based 

on heterologous expression and in vitro biochemical experiments, a biosynthetic pathway was proposed 

in which the AebF Cs domain first catalyses lipoinitiation using a fatty acyl-CoA thioester substrate and 

the L-serine starter unit bound to the downstream PCP domain (Fig. 4).49 The acylated serinyl thioester 

intermediate is then transferred to the TE domain, which mediates oligomerization. The L-serine residues 

that are loaded onto AebF during the next three iterative rounds are condensed with a PCP-linked 2,3-

dihydrobenzoic acid unit by the same Cs domain in a process similar to the formation of enterobactin (see 

Section 3.1). The N-terminal AebF Cs domain therefore displays remarkable bifunctional activity, 

catalysing condensation reactions with two different thioester donor substrates.  

 

Figure 4. Proposed biosynthetic pathway for amphi-enterobactin. TE = Thioesterase domain. The starter C domain Is highlighted 

in turquoise.  
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3.1.2 Internal starter C domains 

The icosalides are unusual lipopeptidiolide antibiotics and bacterial swarming inhibitors that were 

originally isolated from fungal cultures.50 Recently, Burkholderia symbionts were identified as the true 

producers of these compounds.51,52 The icosalides are biosynthesized from two serine, two leucine and 

two -hydroxy fatty acid units by an unprecedented NRPS assembly line (IcoA) that contains two Cs 

domains. One is located at the N-terminus of the first module and has an HHxxxDG active site motif, while  

the other is embedded in the middle of the assembly line in module 3 and is characterized by a PHxxxDG 

motif. (Fig. 5A). The first Cs domain is proposed to initiate chain assembly by condensing -

hydroxyoctanoic acid with to a PCP-bound L-leucinyl thioester. Subsequent epimerisation and chain 

elongation with L-serine by the dual E/C domain within module 2 gives rise to a -hydroxyacyl-D-leucinyl-

L-serinyl thioester intermediate. In vitro reconstitution and intact protein mass spectrometry experiments 

have revealed that the Cs domain in module 3 then initiates the assembly of a second lipopeptide chain 

by loading either a β-hydroxydecanoyl or a β-hydroxyoctanoyl moiety onto the amine of the L-serinyl 

extender unit bound to the module 3 PCP domain (Fig. 5B).113 Next, the N-terminal C domain of module 3 

is proposed to catalyse ester bond formation between both N-acylated thioester intermediates. Following 

the incorporation of an additional L-leucine building block, the C-terminal TE domain performs a 

macrolactonization reaction to yield the final lipopeptidiolide antibiotics.51,52 Icosalide assembly therefore 

uniquely involves two separate chain initiation events within a single NRPS subunit.  
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Figure 5. (A) The icosalide NRPS has an unusual architecture, featuring two Cs domains: one in module 1 and one embedded in 

module 3. (B) Mechanism of chain initiation by the Cs domain in module 1. (C) The internal Cs domain catalyses a second chain 

initiation event by loading either a β-hydroxydecanoyl or a β-hydroxyoctanoyl unit onto the L-serine residue bound to the module 

3 PCP domain. The acylating C domain is highlighted in turquoise, while the ester bond forming C domain is coloured blue.  

 

3.2 Epimerisation 

To increase the structural diversity of their bioactive peptide arsenal, microorganisms often incorporate 

D-configured amino acids.53,54 The presence of D-amino acids not only improves the resistance of peptides 

to proteolytic degradation, but it also allows them to adopt specific conformations that are required for 

further processing or for biological activity.55,56 NRPSs use diverse strategies to introduce D-amino acids 

into the peptide scaffold (Fig. 6A-C). In some cases, such as cyclosporin A57 and HC-toxin58 assembly, D-

amino acids are provided directly by external racemases. More often, however, D-amino acids are formed 

by modules that contain an additional epimerisation (E) domain inserted between the PCP domain and 

the downstream C domain.56 Phylogenetically, E domains belong to the C domain superfamily and adopt 

a highly similar structural conformation, with two subdomains organized in a V-shape.59,60 However, the 

function and sequence of E and C domains differ significantly, even though E domains share the conserved 

HHxxxDG motif.21,29 E domains act on the elongated PCP-bound peptidyl intermediate and isomerize the 

-position of the C-terminal amino acid residue through de- and reprotonation, producing a racemic 

mixture.25,55,56,59,61 The downstream C domain, typically a DCL catalyst (see Section 2), ensures that the 

correct stereoisomer is used in the subsequent elongation reaction.28 The second histidine residue in the 

HHxxxDG active site motif is positioned across a highly conserved glutamate residue in E domains. This 
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glutamate residue is proposed to act as a general base in the epimerisation reaction to remove the C 

proton. According to structure-based computational predictions, the catalytic histidine residue is doubly 

protonated in the active site and likely responsible for stabilizing the enolate intermediate (Fig. 6D). 59,62 

However, further biochemical evidence is needed to confirm the presumed roles of the active site 

residues.  

 

 
 

Figure 6. Schematic representation of the three alternative strategies to incorporate D-amino acids into nonribosomal peptides. 
(A) D-amino acids are provided by external racemases. The A domain is selective for D-configured monomers. (B) The 
epimerisation reaction is performed by an E domain, prior to condensation by the downstream C domain. (C) A dual E/C domain 
performs both the epimerisation and condensation reaction. The racemising enzymes/domains along with the associated 
epimerized groups are highlighted in turquoise. (D) Proposed reaction mechanism of E domains. The conserved glutamate and 
histidine residues are indicated. The conserved glutamate serves as general base/acid to catalyse the de- and reprotonation of 
the Cα, respectively. The racemising enzymes/domains along with the associated epimerized groups are highlighted in turquoise.  

 

A third strategy to incorporate D-configured amino acids into the growing peptide chain is the use of dual 

E/C domains, which catalyse both epimerization and condensation. These domains frequently replace 

canonical C domains in the biosynthetic pathways of cyclic lipopeptides in Pseudomonas, Burkholderia 
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and Xanthomonas spp.63–66 Dual E/C domains were first discovered in the arthrofactin biosynthetic 

pathway in Pseudomonas sp. MIS38.63 The biosurfactant arthrofactin is assembled by a modular NRPS 

(ArfA-C) comprised of 11 modules. Although seven amino acids in the final lipopeptide product are D-

configured, no E domains could be identified in the pathway.67 Instead, a novel type of C domain with dual 

epimerisation and condensation activity was discovered, based on in vitro biochemical assays, sequence 

analyses and phylogenetic sorting.29,63 Following chain elongation with an L-configured amino acid, the  

dual E/C domains are proposed to isomerise the newly-incorporated building blocks. After epimerisation, 

they are believed to act as a DCL catalyst by coupling the isomerized peptide to the downstream aminoacyl 

extender unit.29,63 In vitro biochemical studies on the arthrofactin synthetase have shown that the 

epimerization reaction only takes place after the downstream PCP domain is loaded with a new extender 

unit. It has therefore been postulated that dual E/C domains adopt distinct conformational states to 

ensure the correct timing of the epimerisation and condensation reactions.63 Only after interaction with 

both the upstream and downstream peptidyl- or aminoacyl-S-PCP, the dual E/C domain is able to 

isomerize the C-terminal amino acid residue of the incoming peptide chain. E/C domains harbour an 

HH[I/L]xxxxGD motif at their N-terminus but lack to the conserved glutamate residue found in E 

domains.29 Future biochemical studies may shed light on the exact epimerisation and condensation 

mechanism of dual E/C domains. 

 

 

3.3 Heterocyclization 

In some NRPS modules, C domains are replaced by homologous heterocyclization (Cy) domains that 

incorporate heterocyclic rings into the peptide backbone.68 Cy domains catalyse chain elongation with 

cysteine, serine or threonine residues, followed by a distinct two-step cyclodehydration reaction to form 

five-membered thiazoline or (methyl)oxazoline rings.69–73 The resulting heterocycles can undergo further 

reduction74 or oxidation75 by trans-acting reductases or integrated OX domains, respectively. The 

presence of heterocyclic rings is essential for the biological activity of several peptide natural products, 

such as pyochelin, vibriobactin, epothilone and bacillamide69,72,74,76,77 (Fig. 7A). They introduce a high 

degree of structural rigidity that protects the peptides against proteolytic degradation and enables their 

interaction with biological targets78, or the chelation of metal ions.32,79,80 Heterocyclization is proposed to 

occur in three consecutive steps (Fig. 7B). First, the Cy domain catalyses condensation between the 

peptidyl thioester intermediate and the new cysteine, serine or threonine extender unit. Subsequently, 

the side chain thiol or hydroxyl group carries out a nucleophilic attack on the carbonyl carbon of the newly 

formed amide bond. The resulting hemiaminal then undergoes dehydration to form the final five-

membered rings.69–72 Cy domains are characterized by a conserved DxxxxD motif that replaces the 

HHxxxDG motif in canonical C domains. Mutational analyses have shown that both aspartate residues are 

important for condensation as well as heterocyclization.32,76,80,81 However, crystal structures of Cy domains 

from the bacillamide and epothilone synthetases have revealed that they play a structural, rather than a 

catalytic role.72,73 Instead, a catalytically important aspartate, asparagine and threonine residue were 

identified through structure-guided mutational analyses and in vitro activity assays. Of these three, the 

aspartate is believed to act as the catalytic base/acid in the heterocyclization reaction.72,73  
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Figure 7. (A) Examples of heterocycle-containing peptides. (B) Schematic representation of the cyclisation reaction by a 
heterocyclisation (Cy) domain forming a thiazoline ring. The Cy domain is highlighted in turquoise. 

 

3.4 Ester bond formation 

While most C domains are known to catalyse amide bond formation, some are capable of generating ester 

bonds between PCP-tethered substrates. In bacterial depsipeptide synthetases, ester bonds are formed 

by specialized modules that contain an additional ketoreductase (KR) domain.82 Instead of amino acids, 

the A domains in these modules select and load α-keto acids onto the adjacent PCP domain. The PCP-

linked α-keto acyl monomers are stereoselectively reduced by the KR domain to generate α-hydroxyacyl 

thioester intermediates, which are then used by the C domain for ester bond formation. Examples of such 

(C)–A–KR–PCP depsipeptide modules are found in the biosynthetic pathways of the antifungal 

hectochlorin, the piscicide antimycin and the cryptophycin anticancer agents.83–86 In vitro biochemical 

assays with the final module of the cryptophycin synthetase and synthetic N-acetyl cysteamine (SNAC) 

thioester substrate mimics confirmed activation and transfer of α-ketoisocaproic acid to the CrpD PCP 

domain, followed by ketoreduction and C domain-mediated ester bond formation (Fig. 8A).84 In the 

biosynthesis of the cereulide, valinomycin and kutzneride depsipeptides, the C and the A domain within 

the ester bond-forming module are located on two separate NRPS subunits, causing the C domain to work 

in trans to mediate condensation.87–92 

 

In fungal depsipeptides synthetases, such as those involved in the biosynthesis of the bassianolides, 

beauvericins and enniatins, -hydroxy acids are directly selected and activated by the A domains. These 

NRPS systems typically consist of two modules that iteratively condense D-configured α-hydroxy acid and 

N-methyl-L-amino acid monomers to form cyclic oligomers. The biosynthetic pathway features three 

distinct C domains: an N-terminal C domain (C1) that is catalytically inactive, a canonical C domain (C2) 

that catalyses the formation of amide bonds, and a C-terminal C domain (C3) that controls the chain length 
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and catalyses ester bond formation during the assembly of the oligomer, as well as the final 

macrocyclization reaction. During the assembly process, the growing peptidyl thioester intermediate is 

believed to shuttle between the different PCP domains, enabling C2 and C3 to alternately form amide and 

ester bonds until the peptide reaches its full length (Fig. 8B).93,94  

 

 

 
Figure 8. (A) Schematic representation of ester bond formation in the biosynthesis of cryptophycin 1. The A domain selects and 
activates α-ketoisocaproic acid, which is stereoselectively reduced by the ketoreductase (KR, green) domain. The resulting 
hydroxyl group serves as a nucleophile for ester bond formation, catalysed by the C domain (turquoise). TE = Thioesterase. (B) 
Proposed biosynthetic pathway for cyclic depsipeptides (CDPs) in filamentous fungi. D-α-hydroxycarboxylic acids and L-amino 
acids are respectively activated by A1 and A2, followed by transfer to the PCP domain. Module 2 contains an N-MT domain which 
methylates the incorporated L-amino acid. C2 (blue) and C3 (turquoise) alternately catalyse amide and ester bond formation to 
elongate the growing peptide. Meanwhile, the intermediate is shuttled between PCP1 and PCP2a/b. This process is repeated 
three or four times to form the final hexa- or octa-CDPs. 
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Finally, the bimodular NRPS AdxA involved in the assembly of the fungal metabolite acu-dioxomorpholine 

is predicted to feature an atypical ester bond-forming C domain (CR) that contains an arginine residue in 

place of the highly conserved histidine residue. The exact role of the arginine residue in the condensation 

reaction remains to be elucidated. Interestingly, active site arginine residues have also been found in X 

domains (see Section 3.11), two amide bond-forming C domains in the biosynthetic pathway of D-lysergic 

acid peptides and in a C domain with Diels-Alderase activity from the lovastatin pathway (see Section 

3.9).95,96 
 

 
3.5 Isopeptide bond formation 

Occasionally, A domains have been shown to activate the carboxylic acid side chain instead of the 

α-carboxyl group of aminoacyl extender units. In the biosynthetic pathway of the microcystin toxins, for 

example, the A domains within McyE and the second module of McyB activate the carboxylic side chains 

of D-glutamate and β-methyl-D-aspartate, respectively. Consequently, the downstream C domains do not 

catalyse the formation of a conventional peptide bond, but generate an isopeptide bond instead.97 The A 

domains within these isopeptide bond-forming modules contain signature amino acid residues in their 

binding pocket that can be used as a bioinformatics fingerprint to distinguish them from α‐amino acid 

activating domains.73  

 

On the other hand, isopeptide bonds between α-carboxyl groups and side chain amines are also known 

to occur, e.g. in the biosynthesis of erythrochelin. Erythrochelin is assembled by the tetramodular NRPS 

EtcD. In the proposed biosynthetic pathway, module 3 is predicted to activate L-δ-N-hydroxyornithine, 

which is then believed to attack the upstream PCP-bound peptidyl thioester intermediate with its δ-amine 

group (Fig. 9).98,99 However, direct biochemical evidence for the involvement of the C domain in isopeptide 

bond formation is currently lacking. 

 

 
Figure 9. Proposed formation of an isopeptide bond by the third module of EtcD in the biosynthesis of erythrochelin. The 
isopeptide bond-forming C domain is highlighted in turquoise.  
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Isopeptide bonds are also found in ε-poly-L-lysine (ε-PL), a broad spectrum antimicrobial agent from 

Streptomyces albulus. ε-PL is composed of 25-35 lysine residues, all connected via isopeptide bonds 

between the α-carboxyl and ε-amine groups.100,101 The polymers are assembled by an unusual 

monomodular NRPS composed of an N-terminal A and PCP domain, followed by three tandem soluble 

subdomains which are interspersed by six transmembrane regions (Fig. 10). Although there is no 

significant sequence similarity to canonical C domains, in vitro biochemical assays with truncated variants 

of the ε-PL synthetase have indicated that all three subdomains are essential for isopeptide bond 

formation.100,102 They have therefore been tentatively designated as C1, C2 and C3.100 In the proposed 

biosynthetic pathway, the A domain iteratively adenylates L-lysine monomers and loads them onto the 

PCP domain. The first PCP-bound lysine residue is believed to be condensed with a soluble L-lysine 

monomer, resulting in a lysine homodimer. ε-PL polymers of diverse chain length are then generated by 

iterative elongation of the L-lysine dimer with a varying number of additional PCP-bound lysine residues, 

until chain elongation is terminated (Fig. 10). Whether and how the growing ε-PL chain remains associated 

with the synthetase during the assembly process remains to be investigated. Analogous NRPS systems 

have been implicated in the biosynthesis of poly-L-diaminopropionic acid and its mirror-image polymer 

poly-D-diaminopropionic acid in Streptomyces and Streptoalloteichus spp., respectively.103,104  

 

 
Figure 10. Schematic representation of the proposed biosynthetic pathway of ε-poly-L-lysine in the cytoplasmic membrane in 
Streptomyces albulus. The tandem soluble subdomains that catalyse isopeptide bond formation are highlighted in turquoise.  

 

3.6 -lactam formation 

NRPS C domains have also been shown to fulfil remarkably different functions, such as β-lactam ring 

formation. β-lactam rings in antibiotics are typically installed by specialized enzymes. The formation of 

the β-lactam group in penicillins and cephalosporins, for example, is catalysed by a non-heme iron (II)-

dependent oxidase, while carbapenems and clavams are formed by ATP-driven ring closure in a process 
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mediated by dedicated synthetases.105,106 In the biosynthesis of the monocyclic β-lactam antibiotic 

nocardicin A, however, the functional lactam ring is introduced by an unconventional NRPS C domain. The 

nocardicins are assembled by two NRPS subunits, NocA and NocB, which are comprised of five modules. 

Together, they form the pentapeptide precursor pro-nocardicin G (Fig. 11A).107–109 β-lactam ring 

formation is mediated by NocB-C5, the C domain within the final module.110 This C domain was found to 

harbour an unusual active site motif with an additional histidine residue directly upstream from the 

conserved HHxxxDG sequence.110 Mutational analyses and in vitro enzymatic assays with synthetic 

substrate analogues have indicated the importance of this additional histidine residue in the formation of 

the β-lactam ring. A mechanism was proposed in which the histidine acts as a base to catalyse β-

elimination of a hydroxide from the L-seryl residue of the upstream PCP-bound tetrapeptidyl-thioester, 

resulting in the formation of an electrophilic dehydroalanyl intermediate (Fig. 11B). Subsequent -

addition of the downstream PCP-tethered L-p-hydroxyphenylglycine monomer generates a secondary 

amine bond, with the additional histidine serving a as catalytic acid in this case. The NocB-C5 domain 

shows features of DCL domains, which might be explained by the temporary loss of the stereocenter and 

inversion of the configuration at the seryl β-carbon during this step. Finally, nucleophilic attack of the 

secondary amine onto the thioester carbonyl completes the formation of the β-lactam ring.110,111 

Interestingly, the extended HHHxxxDG signature motif of the C domain, in combination with an adjacent 

serine or threonine-activating A domain, may be used as a bioinformatic handle to search for NRPSs that 

assemble novel β-lactam-containing compounds.110  

  

 
Figure 11. (A) Structures of pro-nocardicin G, nocardicin G and nocardicin A. (B) Proposed reaction mechanism of β-lactam 
formation in the assembly of the nocardicins by the NocB C domain, shown in turquoise. For each reaction step, the presumed 
catalytic residue is highlighted, as discussed in the main text. 
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3.7 Pictet-Spengler cyclization 

Another type of C domain that is capable of performing complex chemical transformations is found in the 

biosynthetic pathways of tetrahydroisoquinoline antitumor antibiotics, such as saframycin A and 

ecteinascidin 743. The pentacyclic tetrahydroisoquinoline framework of saframycin A is assembled from 

a fatty acyl chain, an L-alanine, a glycine and two 3-hydroxy-5-methyl-O-methyltyrosine residues by an 

unusual NRPS (SfmA-C) (Fig. 12). Extensive in vitro biochemical assays with purified recombinant enzymes 

and synthetic substrates have indicated that SfmA and SfmB form a PCP-bound N-acyldipeptidyl thioester 

intermediate that is reductively released by the C-terminal thioester reductase (R) domain within SfmC.112–

114 R domains typically operate at the end of assembly lines to permanently off-load the fully assembled 

peptide chains. However, in saframycin A biosynthesis, the free aldehyde intermediate serves as substrate 

for the SmfC C domain. In vitro assays with truncated versions of SmfC showed that this unusual C domain 

functions as a Pictet Spenglerase. It catalyses the condensation of the aldehyde intermediate with a 3-

hydroxy-5-methyl-O-methyltyrosine residue attached to the SfmC PCP domain to form an imine, followed 

by a 6-endo-trig cyclization. Strikingly, the SmfC C domain contains a signature HxxxxD motif in place of 

the canonical HHxxxDG. The resulting intermediate is then again off-loaded by the R domain and reused 

as a substrate for a second Pictet-Spengler reaction catalysed by the SmfC C domain. Finally, a third R 

domain-mediated reduction releases the saframycin A precursor molecule.112 
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Figure 12. Proposed biosynthetic pathway of saframycin A. R = Reductase domain. The Pictet-Spenglerase C domain is highlighted 
in turquoise.  

 

3.8 Dehydration 

Besides catalysing chain elongation, some C domains are believed to dehydrate the newly incorporated 

amino acid, particularly in the case of serine and threonine residues. Assembly lines that incorporate 

dehydroalanine (Dha) and dehydrobutyrine (Dhb) residues typically lack a candidate tailoring enzyme to 

which this dehydration activity can be attributed. However, phylogenetic analyses have shown that the C 

domains directly downstream of the serine/threonine-activating A domains all cluster together in a 

distinct clade. This has led to suggestions that the dehydration activity is embedded within these C 

domains.46 Biochemical evidence for this was recently provided by in vitro studies of the albopeptide 

biosynthetic pathway (AlbA-AlbB) in Streptomyces albofaciens. In vitro reconstitution experiments with 

purified recombinant enzymes and chemical capture of biosynthetic intermediates revealed that the C2 

and C3 domain within AlbB are responsible for the formation of Dha and (E)‐Dhb, respectively.115 A similar 

dehydration is predicted to take place in the microcystin biosynthetic pathway. The McyA A1 domain 

selects and incorporates a serine residue, which undergoes N-methylation by the adjacent N-MT domain. 
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Next, the downstream C domain is proposed to catalyse the formation of N-methyldehydroalanine by 

dehydration of the seryl side chain (Fig. 13A).116,117 A Dha residue is also believed to be installed by the 

second C domain within BlmVI in the bleomycin biosynthetic pathway.118 Likewise, N-methylthreonine is 

presumably dehydrated to N-methyldehydrothreonine in the nodularin biosynthetic pathway by the 

action of the NdaA C domain.119 Future structural investigations may shed light on the exact reaction 

mechanism of these C domains. 

 

 
Figure 13. (A) Proposed dehydration reaction catalysed by the first C domain of McyA in the biosynthesis of microcystin-LR. (B) 
Proposed biosynthetic pathway of L‐2‐amino‐4‐methoxy‐trans‐3‐butenoic acid (AMB). The question mark indicates a domain of 
unknown function. The C domains that are presumed to have dehydration activity are highlighted in turquoise.  

Another remarkable dehydration event takes place in the biosynthesis of oxyvinylglycines, a family of 

nonproteinogenic amino acids that shows antagonistic activity against a wide range of bacteria and plants 

by inhibition of PLP-dependent enzymes.120 A well-known example is methoxyvinylglycine, also known as 

L‐2‐amino‐4‐methoxy‐trans‐3‐butenoic acid (AMB). AMB was first isolated from Pseudomonas aeruginosa 

PAO1 and exhibits potent antibiotic activity against a variety of bacterial strains (Fig. 13B).121,122 The amb 

biosynthetic gene cluster encodes an NRPS assembly line which consists of two NRPS subunits, AmbE and 

AmbB. AMB is produced from glutamate as a dipeptide coupled to alanine. Based on in vitro reconstitution 
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and isotopic labelling experiments, a biosynthetic pathway was proposed that starts with the loading of 

L-glutamate and L-alanine onto the first AmbE and the AmbB PCP domain, respectively. The glutamyl 

thioester undergoes two hydroxylations and a methylation reaction, and is subsequently condensed to 

the PCP-linked alanyl residue by the action of the AmbB C domain. The resulting alanyl-3-hydroxy-4-

methoxy-glutamate thioester intermediate is then proposed to undergo dehydration, forming a double 

bond between C2 and C3. This reaction is presumably catalysed by the AmbE C domain since phylogenetic 

analysis revealed that this non-canonical C domain clusters with the McyA and BlmVI C domains.123 The 

2,3-double bond is believed to promote subsequent decarboxylation and isomerization, and hydrolytic 

chain release then affords the biologically inactive Ala-AMB. The N-terminal alanine residue masks the 

functionally important α‐amino group of AMB and is presumably cleaved off during export as part of a 

self-protection strategy.  

 

3.9 Diels-Alder cyclization 

The catalytic capabilities of NRPS C domains also extend to Diels-Alder cyclizations. A well-known example 

is found in the biosynthesis of the fungal metabolite lovastatin. The highly reducing iterative lovastatin 

polyketide synthase (PKS) LNKS is fused to a non-canonical C domain.124,125 The catalytically important 

histidine residue in the active site HHxxxDG motif of this C domain is substituted by arginine, and its crystal 

structure indicates that the acceptor site is blocked by a flexible loop.96,124 The same phenomenon has 

also been observed in other C domains that do not utilise downstream acceptor substrates, such as X 

domains (see Section 3.10) and C-terminal CT domains of fungal NRPSs (see Section 3.12.1.1).126,127 Both in 

vitro and in vivo assays have shown that the LNKS C domain is indispensable for the production of the 

lovastatin precursor dihydromonacolin L, but does not participate in chain release.125 Instead, it is 

proposed to catalyse a unique cycloaddition reaction on the LNKS-tethered hexaketide triene 

intermediate to form the decalin ring system.128 This was confirmed by heterologous expression of C 

domains from other fungal PKS-NRPSs with a truncated variant of LNKS lacking the C domain. These 

experiments only yielded non-cyclized products, while in-trans expression of the LNKS C domain was able 

to restore dihydromonacolin L production.124,129 

 

 
Figure 14. Proposed Diels-Alder reaction catalysed by the C-terminal C domain of LNKS in the biosynthesis of lovastatin. KS = 
Ketosynthase. AT = Acyltransferase. DH = Dehydratase. ER0 = Inactive enoyl reductase.  
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3.10 Recruitment of auxiliary enzymes 

Glycopeptide antibiotics (GPAs), such as vancomycin and teicoplanin, are an important class of structurally 

complex nonribosomal peptides that effectively kill Gram-positive bacteria by inhibiting peptidoglycan 

biosynthesis. They consist of a highly crosslinked heptapeptide core that can be extensively modified by 

glycosylation, halogenation, methylation, acylation and sulfation.130 The crosslinks between the aromatic 

amino acid side chains introduce a high degree of structural rigidity that is essential for the biological 

activity of the GPAs. In vivo gene disruption experiments have shown that the oxidative crosslinking 

reactions are catalysed by a cascade of trans-acting cytochrome P450 monooxygenases (known as Oxy 

enzymes) while the heptapeptide substrate is still attached to the NRPS assembly line.131–138 A 

comprehensive study by Haslinger and Peschke et al. revealed that an atypical C domain within the final 

module of the NRPS, called the X domain, is reponsible for recruiting and aligning the oxygenase enzymes 

towards the adjacent PCP domain (Fig. 15).127 Structural characterization of the teicoplanin X domain by 

X-ray crystallography showed that it adopts the same overall fold as canonical C domains, but harbours a 

modified HRxxxDD active site motif. The arginine residue in this motif was shown to obstruct the substrate 

binding tunnel, rendering the X-domain catalytically inactive.127 The structure of the X domain in complex 

with the cytochrome P450 enzyme OxyB further allowed the interaction interface between these two 

proteins to be delineated.127 Subsequent in vitro kinetic experiments revealed that the different 

oxygenase enzymes continuously compete for the same interaction interface on the X domain and are 

able to ‘scan’ the cyclization state of the peptidyl thioester intermediate.137–139 Recognition of the correct 

substrate leads to a conformational change in the enzymes that enhances their affinity for the substrate 

and initiates catalysis.139 X domains as enzyme recruitment platforms are therefore yet another testament 

to the remarkable functional versatility of C domains.140  

 

Figure 15. Recruitment of cytochrome P450 monooxygenases by the X domain in the final module of the teicoplanin NRPS. The 

X domain is highlighted in turquoise, while the P450 oxygenases are coloured in red.  

 

3.11 Interfacing 



21 
 

Recently, a novel C domain function was predicted based on bioinformatic analysis of bacterial 

siderophore biosynthetic pathways that employ β-hydroxylases (βHs).141 βH enzymes are known to 

hydroxylate PCP-bound ʟ-Asp residues in the biosynthesis of peptide siderophores, such as serobactin, 

cupriachelin and alterobactin.141,142 The resulting β-hydroxyaspartic acid residues play a key role in iron-

chelation. β-hydroxylases belong to several different enzyme families and can either act as stand-alone 

enzymes, or as embedded domains fused to the N-terminus of NRPS subunits. The latter typically appear 

alongside an interface (I) domain in the assembly line. I domains are homologous to canonical C domains, 

but cluster in a separate phylogenetic clade and lack the conserved HHxxxDG motif. Only the active site 

aspartate residue is preserved, for which a structural role is predicted. I domains are found directly 

upstream from the A domain that selects and loads the aspartate residue. Similar to the function of X 

domains, the I domains are proposed to correctly position the βH domain and the aminoacyl thioester 

substrate for β-hydroxylation (Fig. 16). However, direct biochemical evidence for this is still missing. In a 

few rare cases, I domains have also been found in pathways with a discrete histidine β-hydroxylase, e.g. 

in the biosynthesis of histicorrugatin.141  

 

Figure 16. Proposed hydroxylation of the L-aspartyl thioester intermediate during the biosynthesis of serobactin A. The interface 
(I) domain is believed to be important for correct positioning of the β-hydroxylase (βH) towards the aminoacyl substrate. The βH, 
I domain and C domain are highlighted in red, turquoise and blue respectively.  

 

3.12 Chain release catalysts 

At the C-terminal end of NRPS assembly lines, C domains have also been implicated in various types of 

chain release reactions, ranging from intra- and intermolecular cyclizations to hydrolysis (Fig. 17). 

 

3.12.1 Intramolecular cyclization  

3.12.1.1 Macrolactamization 

Macrocyclic nonribosomal peptides in filamentous fungi are typically released from their assembly lines 

by a C-terminal CT domain, rather than the canonical TE domain observed in many bacterial NRPSs.126,143 

Well-known examples include cyclosporin A,144 echinocandin,145 apicidin146 and the fungal siderophores 

ferrichrome A147 and ferricrocin148. CT domains catalyse macrolactamization by using an internal amine 

group as a nucleophile in the chain release reaction (Fig. 17A).143 The role of the CT domain in the 
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biosynthesis of the multicyclic alkaloid fumiquinazoline F has been extensively studied in vitro by Gao et. 

al. (2012).143 The TqaA NRPS responsible for the assembly of fumiquinazoline F was shown to generate an 

anthranilate-L-tryptophan-L-alanine tripeptidyl thioester which is cyclized and released by the C-terminal 

CT domain to form a 10-membered macrolactam product. Subsequent transannular cyclizations and 

aromatizing dehydrations yield fumiquinazoline F.143 A similar pathway has been postulated for asperlicin 

biosynthesis.149 Gao et al also observed that the TqaA CT domain is unable to accept peptidyl-SNAC or 

peptidyl-CoA substrates, indicating the importance of the protein-protein interactions with the adjacent 

PCP domain.143 The crystal structure of the TqaA CT domain revealed a similar fold as in canonical C 

domains. Like in the case of the LNKS C domain and X domains96,127, the entrance to the acceptor substrate 

channel was found to be blocked, consistent with the absence of a PCP-bound acceptor substrate.126  

 

 

3.12.1.2 Macrolactone formation 

Aside from amine groups, CT domains are also known to utilise internal hydroxyl groups as nucleophiles 

in macrolactonization reactions (Fig. 17B). Prominent examples are found in the biosynthesis of the fungal 

metabolite aureobasidin A150 and the polyketide-nonribosomal peptide hybrids apratoxin A 151 and 

thermolides A-F.152 The latter are formed by the concerted action of the highly reducing iterative 

monomodular PKS ThmA, which forms the polyketide core, and the monomodular NRPS ThmB (C-A-PCP-

CT). The N-terminal C domain of ThmB couples the PCP-linked aminoacyl thioester to the fully assembled 

polyketide chain, while the C-terminal CT domain, which harbours an HHxxxD active site motif, mediates 

macrolactonization via ester bond formation.152 Remarkably, the C-terminal C domains of the iterative 

NRPSs involved in the biosynthesis of the enniatin, beauvericin and bassianolide cyclodepsipeptides do 

not only catalyse internal ester bonds, but are also responsible for chain length determination and peptide 

macrolactonization.93,94 In contrast to CT domains from modular fungal NRPSs, these C domains have a 

functional acceptor site.94 

 

Macrolactone-forming C domains of bacterial origin have been reported in the hybrid PKS-NRPS pathways 

that assemble the immunosuppressants rapamycin,153,154 FK506,155 FK520156 and the structurally related 

meridamycin in Streptomyces spp.157 These metabolites harbour an unusual NRPS-derived pipecolate 

moiety, which is conjugated to the fully assembled polyketide chain by the action of RapP/FkbP/MerP, a 

monomodular NRPS with C-A-PCP-C domain organization. The first C domain condenses the linear 

polyketide scaffold to the PCP-tethered pipecolate unit, while the C-terminal C domain is believed to 

catalyse macrolactonization and concomitant chain release.158  
 

3.12.1.3 Regioselective cyclizations 

Among the more complex cyclization reactions that C domains may perform during chain termination are 

benzazepine-dione formation, diketopiperazine formation and Dieckmann cyclisation. 

 

A unique CT domain capable of catalysing benzazepine-dione formation was recently identified in the 

biosynthetic pathway for the peptidyl alkaloid nanangelenin A from Aspergillus nanangensis.159 The core 

anthranilic acid-L-kynurenine cyclic dipeptide (nanangelenin B) is formed by the bimodular NRPS NanA, 

which consists of seven domains in the order A-PCP-C-A-PCP-CT-PCP. The CT domain harbours an SHxxxD 
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active site motif and catalyses a regioselective lactamization between the side chain amine group of the 

PCP-tethered L-kynurenine residue and the thioester carbonyl to generate the unusual benzazepine 

scaffold in nanangelenin A (Fig. 17C). Heterologous expression of NanA mutants in vivo showed that the 

presence of the C-terminal PCP domain greatly enhances the formation of nanangelenin B, indicating that 

the peptide is presumably transferred to the final PCP domain prior to cyclization.159  

 

Natural products with 2,5-diketopiperazine (DKP) moieties are known for their structural diversity and 

their impressive range of biological activities.160 The formation of NRPS-derived diketopiperazines involves 

the assembly of a peptidyl thioester precursor, which undergoes regioselective cyclization and subsequent 

chain release (Fig. 17D). A well-known example is the fungal virulence factor gliotoxin, produced by the 

notorious human pathogen A. fumigatus. The bimodular NRPS converts L-phenylalanine and L-serine into 

the DKP cyclo-(L-phenylalanyl-L-seryl), and is organised into seven domains in the order A-PCP-C-A-PCP-

CT-PCP. Although DKP formation appears spontaneous in vitro, in vivo mutational analysis has shown that 

the final CT and PCP domain are critical for cyclorelease.161 Like the CT domain in nanangelenin 

biosynthesis, the GliP CT domain is characterized by an SHXXXD active site motif. A mechanism has been 

proposed in which the linear dipeptide is transferred to the terminal PCP domain, followed by CT-catalysed 

cyclization. The C-terminal PCP domain is hypothesized to serve as an anchor point for additional tailoring 

enzymes, prior to cyclization and release of the diketopiperazine moiety. Similar transformations occur in 

the NRPS-derived diketopiperazines brevianamide F162, roquefortine C163 and erythrochelin98,99. 

Finally, C domains have also been proposed to mediate chain release by catalysing a Dieckmann cyclization 

(Fig. 17E). In the biosynthesis of the antibiotic malonomycin in Streptomyces rimosus, the hybrid PKS-

NRPS MloJ is proposed to elongate the L-serine-L-γ-aspartate dipeptidyl thioester tethered to MloI with a 

malonyl and L-diaminopropionate unit, followed by Dieckmann cyclization and chain release to form 

premalonomycin.164 However, further studies are needed to add weight to this hypothesis. 
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Figure 17. Schematic overview of C domain-mediated chain release reactions. 

 

3.12.2 Intermolecular condensation 

 

C domains do not only mediate chain release by intramolecular cyclizations, but they also catalyse 

intermolecular condensation reactions between fully-assembled PCP-bound peptidyl or polyketide 
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thioesters and a diverse range of soluble acceptor molecules (Fig. 17F and Fig. 18). The first biochemically 

characterized example of such a  C domain is VibH, a stand-alone C domain that plays an important role 

in the biosynthesis of the siderophore vibriobactin in Vibrio cholera.165 Vibriobactin is a triacylated 

triamine that is constructed from two molecules of L-threonine, three molecules of 2,3-dihydroxybenzoic 

acid and one molecule of norspermidine by NRPS enzymes (Fig. 18A).166 VibH selectively monoacylates a 

primary amine of norspermidine by catalysing the condensation with a PCP-linked dihydroxybenzoyl 

thioester.165 The resulting N1-acylated norspermidine product then undergoes two further acylations on 

its two remaining free amines by the NRPS VibF. In two iterative rounds, VibF activates two L-threonine 

molecules and condenses them to a dihydroxybenzoyl residue. The resulting thioester intermediates 

undergo heterocyclization and dehydration, and are then transferred onto the remaining N9 primary 

amine and N5 secondary amine group of N1-(2,3-dihydroxybenzoyl)-norspermidine by the C-terminal VibF 

C domain to yield vibriobactin.32,166 Interestingly, in vitro biochemical assays have demonstrated that the 

condensation reactions catalysed by VibH and the C-terminal C domain of VibF are both reversible. Hence, 

these enzymes are capable of reloading their cognate PCP domains using acylated norspermidine as a 

substrate, albeit with reduced efficiency compared to the forward reaction.167 Other examples of C 

domains that mediate chain release by condensing PCP-bound peptidyl thioesters to soluble amine 

substrates are found in the biosynthetic pathways that assemble the Burkholderia siderophores 

malleobactin and ornibactin168,169, the rhabdopeptide/xenortide peptides in nematode symbiotic 

Photorhabdus and Xenorhabdus strains170–172, congocidine, distamycin and disgocidine173 and the 

bleomycins, tallysomycins and zorbamycins.118,174,175  

C domains have also been found fused to a PKS assembly line where they release the fully-assembled 

polyketide chain by condensation with a small amine substrate. This has been observed in the production 

of the fungal wortmanamides by the hybrid PKS-C TwmB in Talaromyces wortmanii. In this pathway, the 

PKS-derived octa- and nonaketide chains are condensed to the ω-amine group of a soluble 5-

aminopentanoic acid acceptor substrate (Fig. 18A). The catalytically important histidine residue in the 

active site motif of this C domain is replaced with a proline residue, which is proposed to play a role in 

substrate positioning.176  

Another remarkable collaboration between a PKS assembly line and a stand-alone C domain is found in 

the biosynthesis of the broad spectrum zeamine antibiotics in Serratia plymuthica.177–179 The zeamines 

result from the condensation of a 40-carbon polyaminoalcohol to hexapeptide-mono-/diketide thioesters 

generated by a hybrid PKS-NRPS. The polyaminoalcohol zeamine II is formed by a polyunsaturated fatty 

acid synthase-like assembly line. The free-standing C domain Zmn19 releases the ACP-bound hexapeptide-

mono-/diketide thioesters via intermolecular condensation with the primary amine group of zeamine II 

(Fig. 18A).177,178,180 A similar chain release mechanism takes place in the biosynthesis of the fabclavines, 

which are structurally related to the zeamines.181,182  

In addition to polyamines, C domains are capable of using a highly diverse range of soluble primary amine-

containing molecules as acceptor nucleophiles for chain release, ranging from nucleosides183,184 and 

aminoglycosides185 to pteridines186,187. Interestingly, a rare example of an NRPS C domain that catalyses 

intermolecular condensation has been found in higher eukaryotes. Ebony is a monomodular NRPS (A-PCP-

C) from Drosophila melanogaster that plays a key role in the regulation of the amine neurotransmitters 

histamine and dopamine in various cell tissues. By condensation of a PCP-bound β-alanyl thioester to 

histamine or dopamine, the neurotransmitters become inactivated. The condensation reaction is 

catalysed by the C-terminal C domain of Ebony. Crystal structures have revealed that, in contrast to 
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canonical C domains, this domain does not adopt the typical V shape, but rather a rigid aryl-alkylamine-

N-acetyl transferase fold. This fold might facilitate the extremely rapid condensation reaction, which is 

critical for its regulatory role in vivo. β-Alanine might be preloaded onto the Ebony PCP domain, preparing 

the enzyme for a neurotransmitter burst and allowing fast inactivation.188,189 

Aside from generating amide bonds, C domains have also been shown to mediate chain release by 

intermolecular ester bond formation (Fig. 17G and 18B). The first esterifying C domain was found in the 

biosynthesis of the polyketide-derived mycotoxin fumonisin in filamentous fungi. Studies on Fusarium 

verticillioides demonstrated that the PCP-C didomain NRPS Fum14p is responsible for the formation of 

two tricarballylic esters on the fumonisin polyketide backbone.190,191 The tricarballylic acids, or precursors 

thereof, are presumably activated by the action of Fum10p, a standalone acyl-CoA synthetase or A 

domain. The tricarballylic monothioesters are then transferred to the Fum14p PCP domain and 

subsequently condensed to the C14 and C15 hydroxyl groups of the freely diffusible fumonisin backbone 

by the Fum14p C domain (Fig. 18B). The resulting tricarballylic esters are critical for the toxicity of 

fumonisin. 

Similarly, SgcC5, a discrete C domain in the biosynthetic pathway of the enediyne antitumor antibiotic C-

1027, catalyses the regio- and stereoselective esterification of SgcC2 PCP-bound (S)-3-chloro-5-hydroxy-

β-tyrosine to the enediyne core. The interaction between SgcC5 and SgcC2 was proven to essential in this 

respect, since SgcC5 is incapable of catalysing condensation with a free donor substrate. Remarkably, in 

vitro experiments showed that SgcC5 is also capable of conjugating substrates via an amide bond, albeit 

to a lesser extent. SgcC5 is therefore the first C domain discovered that is able to catalyse both ester and 

amide bond formation.192 Strikingly, SgcC5 consists as a homodimer in solution, contrasting the 

monomeric character of canonical NRPSs.193 Phylogenetic analysis has revealed that ester bond forming 

C domains involved in enediyne biosynthesis cluster in a separate clade193, suggesting similar reaction 

mechanisms for other members of this class, such as the kedarcidin (KedY5)194 and sporolide (SpoT10)195 

enediynes.  

Other acceptor substrates that have been used for C domain-mediated ester bond formation in chain 

release reactions include dihydroxycyclohexane carboxylic acid (DHCCA) and trihydroxy confertifolin in 

the biosynthesis of the polyketide antibiotic enacyloxin and the astellolide sesquiterpenes, respectively 

(Fig. 18B).196–198 In enacyloxin biosynthesis, a non-elongating ketosynthase (KS0) domain first transfers the 

fully assembled polyketide chain from the final ACP domain in the assembly line to a separate PCP domain. 

The Bamb_5915 C domain then offloads the chain from the PCP domain by condensing it with (1S,3R,4S)-

3,4-DHCCA. Extensive genetic and biochemical experiments have revealed that the KS0 domain-mediated 

transacylation reaction circumvents the inability of the C domain to communicate with the ACP domain.197 

The crystal structure of the Bamb_5915 C domain was elucidated and the molecular basis for its 

interaction with the PCP domain was fully characterized using a combination of solution NMR 

spectroscopy, carbene footprinting and molecular dynamics simulations.196 Interestingly, the Bamb_5915 

C domain responsible for the intermolecular ester bond formation has been shown to have a relaxed 

substrate specificity, both at the acceptor and the donor site. This opens the door to producing a wide 

range of novel enacyloxin derivatives via biosynthetic engineering.197 
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Figure 18. Examples of natural products that are assembled via intermolecular condensation with the amino (A) or hydroxyl (B) 
group of a nucleophilic acceptor substrate. The acceptor substrates used in these C domain catalysed reactions are indicated in 
turquoise.  

 

3.12.3 Hydrolysis 

On very rare occasions, terminal C domains have been found to release fully assembled peptidyl thioesters 

by hydrolysis (Fig. 17H). The first example was reported in the biosynthesis of the antifungal and cytotoxic 

crocacins in Chondromyces crocatus Cm c5. The final NRPS module, encoded by croK, has a C-A-PCP-C 

architecture. Deletion of the C-terminal C domain completely abolishes crocacin production in vivo. 

Further in vitro biochemical assays with purified CroK-C2 and crocacin-SNAC substrates validated its role 

in the release of a linear compound by hydrolysis.199 Recently, a second example has been discovered in 

IvoA, a monomodular NRPS associated with pigment formation in Aspergillus nidulans. As shown by in 

vitro experiments, this NRPS presumably functions as a catalyst for unidirectional stereoconversion of L-

tryptophan to D-tryptophan. After L-tryptophan activation by the A domain and transfer to the PCP, the E 

domain inverts the chirality of the substrate. The C domain subsequently acts as stereochemical 

gatekeeper to only release D-configured tryptophan by hydrolysis.200 
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4. Condensation domains as a starting point for engineering nonribosomal peptide synthetases 

 

The impressive chemical diversity of nonribosomal peptides is translated into a wide variety of biological 

activities and therapeutic applications. Despite their promising biological activities, however, natural 

products often require structural modifications to circumvent issues with toxicity and resistance 

development, or to improve their activity, stability and/or bioavailability. The structural complexity of 

most nonribosomal peptides makes the preparation of derivatives via semi- or total synthesis extremely 

challenging. Rational biosynthetic pathway engineering has the potential to circumvent these issues and 

to generate novel natural product derivatives with improved pharmaceutical properties. The modular 

architecture of NRPSs greatly facilitates such approaches, offering possibilities to modify, insert or remove 

domains and/or complete modules within assembly lines. Multiple research groups have therefore 

attempted to rationally modify nonribosomal peptide synthetases, and this has been the topic of various 

reviews.9,201–205 So far, the main focus of these engineering efforts has been on the substitution or 

engineering of A domains, due to their primary gatekeeping role in the selection of biosynthetic 

precursors. Unfortunately, many of these of engineering attempts have been unsuccessful, leading to 

drastic drops in the desired titres or complete loss of peptide production. Over the past decade, it has 

become increasingly clear that rational biosynthetic pathway engineering is a complex puzzle where many 

factors need to be taken into account, including the impact of the C domain on the rate206 and 

specificity26,207  of amino acid activation by the A domain. Due to their central role as chain elongation 

catalysts, C domains represent a promising yet underexplored starting point for biosynthetic engineering 

strategies. Here, we will discuss several examples of C domain-based engineering approaches that have 

been undertaken so far. While many efforts have been focused on canonical C domains, it is clear that 

harnessing the exceptional functional versatility of C domains will offer tremendous opportunities in the 

future for expanding the chemical diversity of nonribosomal peptides and other natural products (Fig. 19).  

 

4.1 Whole C domain swapping 

The biosynthesis of fungal cyclic depsipeptides (CDPs) offers exciting possibilities for engineering by C 

domain swapping (Fig. 19A). As mentioned in section 3.12.1.2, the C-terminal ester bond forming C3 

domains in the enniatin, bassianolide and beauvericin biosynthetic pathways control the chain length of 

the final products. Exchange of these C3 domains or PCP-C3 didomains has been shown to trigger the 

production of compounds with modified chain lengths, in accordance with the cognate substrate 

specificity of the different C3 domains.93,94 This has enabled the production of octa-enniatin B, octa-

beauvericin and hexa-bassianolide in substantial yields by heterologous expression in Aspergillus niger.94 

In the biosynthesis of the fumiquinazolines and tryptoquialanine, an alanyl or aminoisobutyryl unit is 

condensed with oxidized fumiquinazoline F by the monomodular NRPSs Af12050 and TqaB, respectively. 

These final imidazoindolone scaffolds differ in the stereochemistry of one C-N bond. The stereochemical 

outcome is determined by the C-terminal C domain of the NRPS. Swapping of these highly homologous C 

domains has allowed the stereochemistry of these peptidyl alkaloids to be inverted in vitro.208 

 

4.2 Combinatorial biosynthesis  

To overcome limitations associated with the presumed gatekeeping role of C domains, the impact of C 

domains on A domain selectivity or the importance of protein-protein interactions at the interface 
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between C and A domains, several different multidomain substitutions have been performed, including 

C-A pairs, PCP-C-A units or whole modules. However, even when the cognate C-A interface was preserved, 

success was not guaranteed.201,204 Recently, the Bode group published a novel swapping approach, using 

A-PCP-C or A-PCP-C/E exchange units (XUs) instead of traditional C-A-PCP modules for combinatorial 

biosynthesis. The borders of each XU were set at a fixed point within the flexible C-A linker region. 

Although this method enabled the production of novel peptides, the obtained titres were found to drop 

with the number of coupled XUs. Moreover, acceptor site specificity had to be respected in the selection 

of sequential XUs, creating drawbacks for combinatorial biosynthesis.209 To resolve these issues, the group 

developed a second strategy to combine units from different assembly lines, placing the borders of the 

exchange units within the linker region that connects both C subdomains. This divides the C domain into 

an N- and C-terminal region, harbouring the donor (CDon) and acceptor site (CAcc), respectively. Combining 

various CAcc-A-PCP-CDon units (XUC units) allowed the construction of completely novel NRP assembly lines 

without limitations associated with C domain specificity, and without disrupting C-A protein-protein 

interfaces.210 This strategy can therefore be employed for the incorporation of non-proteinogenic amino 

acids or for the targeted production of a specific metabolite of interest. Bozhüyük et al. also showed that 

elongation units can replace starter units, as long as the associated CAcc or upstream C domain remains 

fused to the XUC. One potential drawback may be the intolerance of TE domains towards the cyclization 

or release of non-native peptides.210 To circumvent this, elongating C domains may be used as chain 

release catalysts. Such C domains have been successfully utilized for the formation of both linear and 

cyclised peptides, albeit with reduced efficiency compared to the original TE domains.209 Although the 

XUC approach has been shown to work best for XUCs of closely related bacterial strains, it offers great 

potential for future NRPS redesign and the formation of randomized peptide libraries.210  

Fungal NRPS XUs composed of (C-)A-PCP(-C) units and auxiliary domains have been designed by exploiting 

specific recombination points in adjacent linker regions.211 In order to combine XUs with an N-or C-

terminal C domain, the acceptor site specificity of the upstream C domain or the donor site substrate 

tolerance of the downstream C domain, respectively, needs to be taken into account. By following these 

rules, Steiniger et al., were able to produce CDPs from hybrid CDP synthetases containing XUs from the 

linear cyclosporine synthetase.94,211 The use of combined (C-)A-PCP(-C) units may further expand our 

abilities to form large NRP libraries via combinatorial biosynthesis, but this concept still needs to be 

validated in practice.211 It is interesting to note that recent work of Calcott et. al. has countered the 

assumption that C domains impact substrate selectivity. According to their study, combinatorial 

biosynthesis may be effected by swapping A domains together with the associated C-A linker region, 

thereby placing the recombination border at the C-terminal end of C domains (Fig. 19B).27 

In other efforts to form hybrid fungal cyclic depsipeptides, different iterative synthetase parts from the 

enniatin, beauvericin and bassianolide pathways have been fused.212 In this process, the terminal C3 

domains were converted into canonical chain-elongating C domains that mediate ester bond formation. 

Although mainly wild-type metabolites were produced by these hybrid pathways in E. coli, novel non-

natural compounds were also detected. In addition to the expected linearly processed peptides, products 

resulting from a combined linear and iterative operation were observed. These results indicate that each 

CDP synthetase subunit can serve as an initiation point for biosynthesis. At each internal C3 domain, 

biosynthesis can either continue linearly, or the intermediate can be transferred upstream for iterative 

processing. Presumably, the system offers sufficient flexibility to enable transfer of the peptide to any of 

the upstream modules. Whenever the peptide reaches a C3 domain at the length of the native CDP, either 
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internal or C-terminal, the product can be cyclized and released. Following this biosynthetic scheme, 

minor amounts of a wide variety of hybrid compounds could be produced.212 

 
Figure 19: Possible approaches for C domain based pathway engineering. (A) C domain swapping. Schematic representation of 

chain length alteration in the biosynthesis of CDPs by swapping the C3 domain. (B) Combinatorial biosynthesis. Schematic 

representation of the formation of novel nonribosomal peptides by the combination of modules from various biosynthetic 

assembly lines according to the XUC principle. (C) Mutasynthesis. Schematic representation of the formation of novel biosynthetic 

compounds exploiting the substrate flexibility of chain releasing C domains. (D) Site specific mutagenesis. Schematic 

representation of the alteration of fatty acid chain attachment by the mutagenesis of specific residues in the starter C domain.  
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4.3 Mutasynthesis  

A powerful approach to exploit the relaxed substrate specificity of natural product biosynthetic enzymes 

is mutasynthesis. By inactivating the assembly of a natural precursor in vivo and feeding a substrate 

analogue to such an engineered bacterial or fungal strain, natural product biosynthesis can be redirected 

to the production of novel derivatives. Mutasynthesis has already been successfully applied for the 

incorporation of several alternative amino acids, e.g. in CDA biosynthesis.39 However, this A domain-

targeted approach often only allows for the incorporation of a few closely-related building blocks due to 

the substrate specificity of associated domains.  

C domains that catalyse chain release via intermolecular condensation with a soluble acceptor substrate, 

on the other hand, represent a more promising starting point for mutasynthesis, given that no A domain 

selectivity has to be overcome (Fig. 19C). Although this approach has not often been applied yet in 

practice, many different C domains have shown potential for this due to their relaxed substrate specificity. 

One example is the stand-alone vibriobactin C domain VibH, which is able to catalyse condensation of 

VibB-bound 2,3-dihydroxybenzoate to various amine substrates in vitro.165 Similarly, several distinct 

amines are incorporated into the C-terminal moiety of bleomycin.118 Cross-feeding studies on the 

fabclavine pathway have revealed the ability of the FclL C domain to utilise longer polyamine substrates, 

leading to novel fabclavine variants.181 Meanwhile, heterologous expression of the 

rhabdopeptide/xenortide biosynthetic gene cluster from Xenorhabdus KJ12.1 in E. coli and feeding of 

various amine substrates has resulted in the production of 86 distinct peptides, incorporating 16 different 

amines.170 The ester-bond forming SgcC5 has also been shown to have a broad substrate tolerance in vitro, 

both at the acceptor and donor site. Although SgcC5 shows strict stereospecificity by favouring the S-

enantiomer of the tyrosine substrate, various (S)-tyrosine analogues are accepted as a substrate. These 

are regio- and stereospecifically condensed to the C-2 of the (R)-enediyne core. SgcC5 is even capable of 

catalysing both ester and amide bond formation.192,213 The same holds true for the Bamb_5915 C domain 

of the enacyloxin biosynthetic pathway. This enzyme has also been shown to have a broad substrate 

tolerance, both at the acceptor and donor site. In vitro biochemical assays have revealed that various 

cyclic and linear analogues of DHCCA can be used as substrates in the intermolecular condensation 

reaction, as long as a nucleophilic amine/hydroxyl group, and a carboxylic acid group are appropriately 

juxtaposed. At the donor site, a relaxed specificity for different polyketide chain lengths and branches was 

observed. These observations open up promising avenues for producing novel enacyloxin analogues with 

modifications in both the polyketide backbone and the DHCCA moiety by using a mutasynthesis 

approach.197 

Starter C domains in lipopeptide biosynthetic pathways also represent an interesting starting point for 

mutasynthesis due to their relaxed substrate tolerance. Lipopeptides are often produced as a mixture of 

closely-related compounds with slight variations in the length and structure of the conjugated fatty 

acids.214 Blocking the production or activation of the native acyl chain and feeding non-cognate fatty acids 

may therefore enable the biosynthesis of novel lipopeptide derivatives. The starter C domain of the 

glidobactin biosynthetic pathway, for example, has been shown to accept a wide range of fatty acyl 

chains.35 Furthermore, active site modification of the ketosynthase FabF3 from the CDA biosynthetic 

pathway has resulted in the production of shorter fatty acyl chains, which were subsequently accepted as 

a substrate by the starter C domain of the NRPS and incorporated into the final lipopeptide products.215  
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In practice, it may be difficult to inactivate the biosynthesis of a natural acceptor substrate or fatty acyl 

chain. An alternative approach is precursor directed biosynthesis. In this case, analogous substrates are 

fed to an organism without abolishing the biosynthesis of the native substrate. This, however, does not 

prevent the efficient production of the original natural products. To avoid this issue, a second alternative 

approach could be the expression of the key biosynthetic genes in a heterologous host, combined with 

feeding of various alternative precursors.  

 

4.4 Site-specific mutagenesis 

Engineering biosynthetic assembly lines can also be accomplished by site-specific mutagenesis of C 

domains. Starter C domains in lipopeptide biosynthetic pathways have shown to be a good starting point 

for this approach (Fig. 19D). Since the fatty acid chains have a huge impact on the biological activity of 

lipopeptides, modifying these moieties may generate compounds with altered functionalities. While the 

enzymes responsible for activation of fatty acids can display a certain degree of substrate selectivity38,216, 

additional selectivity is conferred by the starter C domain. Recently, in silico analysis of the Cs domain 

from the lipopeptide A54145 NRPS has identified candidate amino acid residues which likely interact with 

the acyl chain in the substrate tunnel. To assess the impact of these residues on substrate selection, 

mutated versions of the starter C domain were generated and evaluated using in vitro biochemical assays. 

While some mutants completely lost all catalytic activity, others showed a shift in substrate specificity for 

either shorter or longer chains.216 Furthermore, the impact of residues involved in protein-protein 

interactions with the associated carrier proteins on substrate specificity was analysed. Molecular 

dynamics simulations indicated that the mutations have an effect on the substrate binding pocket, the 

preferred chain length and the structural organisation of the enzyme.217  

In the biosynthesis of the N-glycoside antibiotic streptothricin, the ORF18 C domain catalyses 

intermolecular amide bond formation between PCP-bound L-β-lysine oligopeptide thioesters and the 

aminoglycoside streptothrisamine. 185 The catalytic efficiency of ORF18 has been shown to impact the final 

chain length of the L-β-lysine oligopeptide. The ORF18 C domain has a modified HQXXXDM signature motif 

instead of the canonical HHxxxDG motif and mutation of the active site Gln residue to Ala was shown to 

decrease the catalytic rate of the enzyme. This shifted the production from short to longer β-lysine 

oligopeptides in vitro, some of which were not produced using wild-type enzymes.185 

 

5. Conclusion and perspectives 

 

Nonribosomal peptides are a remarkable family of structurally diverse and complex natural products with 

a wide range of biological activities and important applications in medicine, agriculture and biotechnology. 

C domains play a key role in the biosynthesis of nonribosomal peptides by catalysing amide bond 

formation between the PCP-bound substrates of adjacent modules. However, C domains play a much 

larger role in generating structural diversity and complexity than initially anticipated. Over the years, it 

has become increasingly clear that the functions and catalytic abilities of C domains greatly exceed 

conventional peptide bond formation. C domains have been shown to exhibit remarkably diverse catalytic 

activities, ranging from β-lactam and diketopiperazine formation to hydrolysis, chain length control, 

cycloaddition, and Pictet-Spengler cyclization. The continuous progress in sequencing technology, 

genome mining and advanced bioinformatics will undoubtedly further expand our knowledge of these 
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atypical C domain functions. As indicated in this review, noncanonical behaviour is often reflected by 

changes in the conserved signature motif of C domains. Further identification and characterization of 

atypical C domains will therefore continue to improve our ability to predict the structures of novel natural 

products.  

In order to exploit the full catalytic potential of C domains, it will be of great importance to characterise 

novel variants by biochemically validating their function and elucidating their reaction mechanism. 

Indeed, biosynthetic pathway engineering holds great promise for generating novel natural product 

derivatives with improved pharmaceutical properties. However, current engineering efforts are still 

hampered by limited substrate flexibility of enzymes and tight interactions with accompanying domains. 

C domain-based engineering approaches may overcome some of these issues. In light of their central 

catalytic role and impressive functional versatility, C domains represent a promising yet underexplored 

starting point for engineering. Our increasing knowledge on the structure and function of atypical variants 

should allow their catalytic capabilities to be more fully exploited in the near future. The ongoing 

development and improvement of molecular biology tools for the genetic manipulation and heterologous 

expression of biosynthetic pathways will also greatly facilitate these efforts.  
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