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1. Introduction
Nonribosomal peptides (NRPs) were first discovered during the 1950s, when 

several studies on the biosynthesis of tyrocidine and gramicidin—mixtures of 

cyclic decapeptides with antibiotic activity produced by Brevibacillus brevis—

found evidence that the biosynthesis of these compounds was independent 

of the mRNA-ribosome mechanism [1–6]. Since their discovery, NRPs have 

been of great interest for research and industry, given their numerous clinical 

applications and biological functions: antibiotics and precursors (1-6), toxins 

(7-9), anticancer (10-12), siderophores (13-15), immunosuppressant (16), 

antifungal (17) and pigments (18) [7,8]. These small peptides can range in 

size between 2 and 50 amino acids, and are characterized by a wide structural 

diversity (Fig. 1).

NRPs are synthesized by large multi-modular enzymes called 

nonribosomal peptide synthetases (NRPS), found in bacteria and filamentous 

fungi. Their size can range from about 100 kDa for one-module enzymes 

[9] up to the 1.8 MDa of the kolossin A synthase, consisting of 15 modules 

and 45 domains [10]. Bacterial NRP synthesis is generally performed by 

several enzymes encoded by genes organized in the same genomic region, 

while in fungi the synthesis is often carried out by single NRPS [7]. NRPS 

can activate and incorporate a broad variety of substrates including standard 

and non-proteinogenic amino acids (D- and L-), fatty acids, α-hydroxy acids, 

α-keto acids, heterocycles and others, further contributing to the chemical 

and structural diversity of NRPs [11,12]. Each NRPS module specifically 

recognizes, activates and incorporates a single substrate into the growing 

peptide chain. Proceeding in a linear fashion, the order and the specificity 

of the modules will determine the primary sequence of the product [13]. A 

minimal NRPS module is constituted by several domains: adenylation (A), 

condensation (C), and peptide-carrier protein (PCP) or thiolation (T) (Fig. 2). 

Initiation modules usually lack C domains, while termination modules often 

possess an extra domain, the thioesterase (Te) [14]. 
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Figure 1. Examples of nonribosomal peptides.
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A domains recognize a specific substrate and activate it with ATP yielding 

an acyl-AMP intermediate and PPi (I). The conjugate is then transferred 

to the phosphopantheteine arm (ppant) of the adjacent PCP domain via a 

transesterification reaction, with AMP being released (II). The ppant is a 

CoA-derived cofactor attached post-translationally by phosphopantheteinyl 

transferases, and it is crucial for the activity of NRPS [15]. The substrates/

intermediates are subsequently transported by two adjacent PCP domains to 

the catalytic site of the C domain. Here the formation of the peptide bond is 

catalyzed, with the α-amino group of the downstream (acceptor) substrate 

attacking the activated α-carboxy group of the upstream (donor) peptide [16] 

(III). The upstream PCP is unloaded and ready for another cycle. Synthesis 

proceeds until the last substrate is incorporated by the termination module. 

In the final stage, the thioesterase domain will cleave the peptide from 

the terminal PCP domain and catalyze its release via hydrolysis (IV-a) or 

macrocyclization (IV-b) [17] (Fig. 2).

Because of the modular organization of these enzymes and the 

appealing properties of NRP variants for clinical applications, there have 

been several attempts at engineering NRPS to modify substrate specificity 

with the aim of producing novel compounds [18–26]. In most cases, the 

hybrid/modified enzymes showed low production yields, relatively to their 

wild-type counterpart. This is likely due to our limited understanding of 

NRPSs’ multimodular architecture, as well as the dynamics of NRP synthesis: 

how domains and modules interact with each other during the process. It 

is now clear that linker regions are crucial for these interactions, hence for 

the functionality of the NRPS machinery [27–29]. Furthermore, some studies 

reported how even C domains show specificity towards upstream activated 

substrates [30,31], exerting an extra gate-keeping function and adding a 

further challenge to successful engineering attempts. 

Despite the many challenges encountered, NRPS engineering is a 

potentially very interesting approach for the discovery and synthesis of new 
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bioactive compounds by fermentation, both urgently needed to address the 

growing antibiotic resistance problem and the need to make new antibiotics 

in a sustainable manner. In the following sections, the fundamental aspects 

of NRPS structure and function and the most recent advances in NRPS 

engineering will be discussed in depth.

Figure 2. Schematic representation of a trimodular nonribosomal peptide 

synthetase (adapted from [13]). NRP synthesis starts with the adenylation domains 

activating specific substrates using ATP, generating aminoacyl-AMP (I); the substrate is then 

loaded onto the ppant of the T domain via a thioesterification reaction, with the release of 

AMP (II); the two activated substrates are transported to the condensation domain, where 

the peptide bond formation is catalyzed (III); when the fully grown peptide chain reaches 

the thioesterase domain (IV) it can be released either via hydrolysis (IVa) or intramolecular 

cyclization (IVb).
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2. The domains of NRPSs – structure and function
In the next section the individual domains of a nonribosomal peptide 

synthetase will be described, along with the reactions they catalyze and the 

most recent mechanistic insights. 

2.1. Adenylation domains – substrate activation 

Adenylation domains belong to the ANL superfamily of adenylating enzymes, 

which comprises acyl- and aryl-CoA synthetases and firefly luciferase as 

well. These enzymes are structurally homologous and share the conserved 

mechanism of the adenylation partial reaction, although they catalyze different 

overall reactions [32].  

NRPSs’ A domains determine the specificity of the entire module and 

are referred as “gatekeeper” domains, since adenylation of the substrate is 

essential for subsequent thioesterification and incorporation of the building 

block in the growing peptide [17,33]. Their size is generally of 500-550 

amino acids, divided into two distinct subdomains: the larger N-terminal Acore 

subdomain (~400 amino acids) and the smaller C-terminal Asub subdomain 

(~100 amino acids), separated by a wide cleft. The binding pocket of the 

substrate is located in the Acore, while the catalytic residue (Lys) is positioned 

on a loop in the Asub [34,35] (Fig. 3A). 

When the first crystal structure of an A domain (PheA from the gramicidin 

synthase A) was solved [35], several core motifs were identified, along with 

ten key residues crucial for the interaction with the substrate. Two highly 

conserved residues were shown to form critical hydrogen bonds with the 

α-amino group and α-carboxyl group of the substrate: respectively, Asp235 

and Lys517, the catalytic residue. The other 8 residues interact with the side 

chain of the substrate, contributing to its recognition and correct positioning 

(Fig. 3A). By matching these residues with corresponding motifs in other 

A domains, the nonribosomal specificity code (also known as “Stachelhaus 

code”) was determined, providing a set of general rules that would allow 
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predicting the substrate specificity of A domains simply from the primary 

sequence of the enzyme [36–38]. Though this model works well for most 

amino acid activating-bacterial NRPSs, it is less successful with the eukaryotic 

enzymes [39,40] and A domains that activate other types of substrates. These 

show different substrate-binding pocket interactions altogether [41,42]. In all 

cases the reaction catalyzed is the same: the charged catalytic lysine interacts 

with both ATP and the acid substrate, bringing them in close proximity and 

ultimately driving the attack of the carboxylate to the α-phosphate of the 

ATP. This results in the formation of the acyl-AMP intermediate (activated 

substrate) and the release of inorganic pyrophosphate [13,14,35].

To allow proper positioning and binding of the substrates, the Asub 

subdomain is initially oriented away from the active site, and the A domain 

adopts an open conformation. Once the substrates are bound, Asub moves 

towards the active site, adopting a closed conformation. This movement 

brings the catalytic residue in proximity of the substrates and allows the 

adenylation reaction [43]. Subsequently, Asub rotates by ~140°, allowing the 

PCP domain to partially penetrate the active site and load the substrate, before 

a new adenylation cycle can begin [44,45]. Such conformational change is 

made possible by a hinge residue in the linker region that joins Acore and Asub 

[46]. This rotational mechanism is well conserved across all members of the 

ANL superfamily [13,32,45] and is a crucial step for the alternation of the 

two states of the A domain: the catalytic, adenylate-forming state and the 

thioester-forming state. 

2.2. PCP domains – loading stage

PCP (peptidyl-carrier-proteins) domains, also referred to as T (thiolation) 

domains, are the transporter units of NRPSs. They are very similar to other 

carrier proteins, like ACPs (acyl-carrier-proteins) from fatty acids synthases 

and polyketide synthases, with which they share structural features and 

function [47].
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PCPs are the smallest domains of NRPS enzymes, generally ranging in size 

between 70 and 90 amino acids, structurally organized in a 4-helices bundle. 

Helices 1,2 and 4 are longer and approximately parallel between each other, 

while helix 3 is shorter and perpendicular to the other three (Fig. 3B) [48,49]. 

To become functional, apo-PCPs need to be post-translationally modified by 

specific enzymes called 4’-phosphopantetheinyl transferases (PPTases). This 

modification involves the attachment of the 4’-phosphopantetheine cofactor, 

derived from CoA, to a conserved residue of serine contained in the structural 

motif GGXS (Fig. 3B) [50]. This residue is located at the start of helix 2, after 

a connecting loop, and it protrudes outward to allow the cofactor attachment 

[49,51]. Several studies have investigated the interaction of PCP domains with 

the other catalytic domains of NRPS, revealing the importance of hydrophobic 

residues on helix 2 and helix 3 [44,52–54]. In particular, helix 2 is involved 

in a patch of hydrophobic interactions with A and C domains, allowing the 

correct positioning of the PCP domain [53].These observations are supported 

by the fact that the ppant arm is attached to helix 2, an ideal position to 

transport activated substrates and intermediates to the respective active sites 

of the catalytic domains.

Furthermore, PCPs are connected to A domains through a flexible linker 

that is crucial for A-PCP interaction and therefore for the functionality of the 

enzyme. Recently, a conserved proline-rich motif was identified at the start 

1
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Figure 3. Core domains of NRPSs. (A) Adenylation domain. Structure of the A domain of 

GrsA [35] (PDB: 1AMU) with its active site architecture and substrate-binding pocket bond 

network: in magenta H-bonds, in grey hydrophobic interactions and in green pi-pi stacking 

interactions; (B) T/PCP domain. Mechanism of PCP priming: a PPTase attaches the ppant 

cofactor, derived from CoA, to a conserved residue of serine. In the bottom left corner, 

structure of model PCP domain BlmI (PDB: 4NEO); (C) Condensation domain. Structure of 

the model C domain VibH from Vibrio cholerae (PDB: 1L5A) showing the classical V-shape 

architecture. On the right side, mechanism of peptide bond formation in the active site of 

the condensation domain of CDA-C1 (adapted from [67]).
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of this region, with the consensus sequence LPxP [55]. This motif 

interacts with the adjacent A10 motif of the A domain, stabilizing the 

catalytic residue of lysine and likely shortening the linker length. This 

allows the PCP movement and the rotation of the Asub subdomain to 

happen in a coordinated manner, and the consequent partial penetration 

of the PCP in the active site of the A domain. When this happens, the –

SH group of the ppant cofactor will attack the activated carboxyl group 

of the substrate via thioesterification. AMP is released in the process and 

the substrate is now ready for transport to the adjacent domains [13,47]. 

2.3. Condensation and cyclization domains – peptide elongation

Condensation domains, sized on average 450 amino acids, are the elongation 

units of NRPSs, as they catalyze the formation of peptide bond between 

adjacent substrates/intermediates. They share the same structural fold 

of other acyl transferases, namely chloramphenicol acetyl transferases 

(CAT) [56] and dihydrolipoamide acetyltransferase (E2p component of the 

pyruvate dehydrogenase complex) [57], as well as the same active site motif, 

HHxxxDG [58]. Even though the primary gatekeepers in nonribosomal peptide 

synthesis are the A domains, C domains also appear to show specificity to 

their substrates, generally in a stricter manner towards acceptor substrates 

[30,31,59]. 

The first crystal structure of a C domain, the enzyme VibH from Vibrio 

cholera, was solved in 2002 by Keating and colleagues [60]. VibH belongs 

to the biosynthetic cluster of vibriobactin synthetase and it is a stand-alone 

C domain, offering an ideal target for structural studies. The C domain is 

organized in a pseudo-dimeric fashion, with two lobes, a N-terminal lobe 

and C-terminal lobe, facing each other and creating a V-shaped canyon-like 

structure [61–63]. The two lobes are similar in structure, showing a large 

central β-sheet flanked by several α-helices, and are separated by a central 

tunnel (Fig. 3C). The two putative PCP binding sites are at the opposite sides of 
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the tunnel, while the active site residue, the second histidine of the HHxxxDG 

motif, is located on a connecting loop in the N-lobe and protrudes towards the 

center of the tunnel. 

Initially, it was thought that the second histidine of the active site motif 

had a catalytic role. Essentially it would act as a base to deprotonate the 

α-amino group of the acceptor substrate, therefore allowing its nucleophilic 

attack on the carbonyl group of the donor substrate [64,65]. However, several 

other studies on different C domains showed that this residue is not always 

essential and can be mutated without significant loss of activity, in marked 

contrast with its proposed function [60,65,66]. An alternative explanation 

was provided by a recent structural study, which made use of chemical probes 

to investigate the C domain-substrate interaction mechanism [31]. The 

probes consist of structural analogues of the substrate which are covalently 

tethered to a residue of the C domain that is positioned along the tunnel, so 

that they can be presented at high concentration to the active site, in order 

to achieve proper electron density and hence obtain well resolved crystal 

structures. The mechanism that was revealed is shown in Fig. 3C. The ε 

nitrogen of the histidine makes a hydrogen bond with the α-amino group of 

the acceptor substrate, which also interacts with the backbone carbonyl of 

another residue (in this specific case serine). These two interactions favor 

the correct positioning of the substrate, promoting the nucleophilic attack on 

the donor carbonyl. It seems then likely that the main role of the conserved 

residue of histidine is therefore one of positioning [67].

Cyclization domains are fairly common in NRPS, where they can replace 

the C domain in some elongation modules [68]. Essentially, Cy domains 

catalyze the elongation of the peptide through a two-step mechanism [69–

72]. In the first reaction, the peptide bond is formed between acceptor and 

donor substrate, analogously to what happens in C domains. The next step 

is the nucleophilic attack of the side chain of the acceptor substrate, which 

is always a thiol- (cysteine) or hydroxyl- (threonine or serine) group, to the 

1



22

carbonyl of the newly-formed peptide bond, which generates the heterocycle. 

Where present, the heterocyclic rings are crucial for the biological function 

of the NRPs [73]. Cy domains belong to the same superfamily of C domains 

and therefore share the same overall V-shape structure, with the acceptor 

and donor PCPs binding sites at the opposite sites of the central tunnel 

[74,75]. In contrast with the canonical C domains, the conserved motif on the 

homologous connecting loop here is DxxxxD, completely lacking the histidine 

residues, which are often replaced by hydrophobic residues. The leading 

hypothesis is that the residues of this motif have a structural function, rather 

than that of interacting with the substrates. The catalytic residues involved in 

heterocyclization have been later identified in two distinct conserved motifs, 

PVVFTS (Cy6) and SQTPQVxLD (Cy7) [76], in mutational studies by Bloudoff 

and colleagues on the cyclization domain from the bacillamide synthetase 

unit BmdB [75]. It appears that cyclization is completely abolished when both 

the threonine residue from motif Cy6 and the aspartic acid from Cy7 are 

mutated, whereas robust condensation can still be observed. The suggested 

mechanism is that these residues deprotonate the side chain group of the 

acceptor substrate, thereby priming the cyclization. 

2.4. Thioesterase and reductase domains – product release

Thioesterase domains (Te) are the terminal domains of NRPSs and therefore 

are only present at the C-terminal region of the termination module [77]. NRPS 

Te domains show strong similarities with type II fatty acid thioesterases and 

polyketide synthases’ thioesterase domains, with which they share structural 

features and the conserved active-site motif GxSxG. They all show a typical 

α/β-hydrolase fold, with an alternated α/β/α motif in the central region and 

two helices forming a so-called lid region, which surrounds the substrate 

channel [78,79]. Like other hydrolases, Te domains possess a catalytic triad 

of serine (in the conserved motif), histidine and aspartic acid, harbored in 

a central cavity. The mechanism with which Te domains perform their task 
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is a two-step mechanism already known for other serine hydrolases, which 

involves a loading phase and a release phase. The histidine and aspartic 

acid generate a network of charges which ultimately deprotonates the 

side chain of the serine, thereby priming its nucleophilicity. When the PCP 

moves towards the active site of the Te, the lid region moves away from it, 

allowing the presentation of the thioester to the catalytic triad [80,81]. At 

this point the serine attacks the C-terminal group of the NRP, releasing the 

PCP-ppant thiolate. The second step is the release step, and it can occur via 

three distinct routes: a) hydrolysis following the attack of a water molecule, 

leading to the release of a linear product [82]; b) attack of a nucleophilic 

group within the NRP itself (N-terminal α-amino group or a nucleophilic side 

chain), leading to the release of a cyclic peptide [79,81,83]; c) attack of a 

nucleophilic group belonging to a newly-synthesized peptidyl-PCP, common in 

the case of iterative NRPSs, leading to the release of multimeric NRPs [84]. 

Te domains can show a certain degree of selectivity towards their substrates, 

and most importantly they seem to be specific for certain types of release 

mechanisms only, which are often controlled by structural properties intrinsic 

to the substrates themselves [78,85,86].

An alternative release mechanism is offered by NAD(P)H-dependent 

reductase domains (R). In contrast with other accessory domains, these 

domains actually replace the Te domains in the NRPS machineries that possess 

them. Several R domains have been studied and characterized in the past 

decade [87–89], providing crucial insights on their structural organization and 

mechanism. R domains are organized in a bigger N-terminal subdomain which 

is responsible for NAD(P)H binding, and a smaller and flexible C-terminal 

domain which most likely recognizes the substrates and promotes its correct 

positioning. The active site is constituted by a catalytic triad of S/T-Y-K in the 

NAD(P)H binding pocket. The thioester will be positioned by the peptidyl-

PCP domain in the same site, allowing the reduction of the terminal carbonyl 

of the peptide, resulting in the release of the product as an aldehyde and 
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the regeneration of the ppant cofactor [88]. Once released, the product 

can go through another round of reduction, resulting in the corresponding 

primary alcohol, or undergo an intramolecular cyclization via the N-terminal 

α-amino group. The advantage of using these domains instead of “standard” 

Te domains, is that the C-terminal end of the peptide will be free of negative 

charges, therefore offering more possibilities in terms of further modification 

(e.g. glycosylation), or promoting cyclization [8].

2.5. Accessory domains – in cis product modification 

The broad chemical and structural diversity of NRPs is the crucial trait that 

makes this class of secondary metabolites so successful in nature, and at the 

same time incredibly interesting for their potential clinical applications. Many 

of the structural modifications that further contribute to this diversity are 

introduced by accessory modifying domains.

Amongst optional domains, epimerization domains (E) are some of 

the most common and best characterized. They catalyze the conversion of 

L-amino acid residues to D-amino acids, which can be an important feature to 

allow NRPs to adopt specific conformations that are critical to their biological 

function (e. g. antibiotics) [90], or  gain resistance towards cellular proteases 

[91]. Given their tailoring function, E domains are present as a fourth 

domain in an elongation module (C-A-PCP-E). Like Cy domains, E domains 

also belong to the C domain superfamily. Unlike the former though, they 

also share the same active site motif, HHxxxDG [58]. Unsurprisingly, the 

structure of the E domains is fairly similar to that of C domains [92,93], 

with the biggest difference occurring at the acceptor PCP binding site, where 

an extra stretch of residues blocks the access to the active site. This forces 

the adjacent PCP domain, loaded with the substrate, to bind exclusively at 

the donor site [93]. As in C domains, the second histidine of the active site 

motif appears to have a critical function for catalysis. Next to it, another 

crucial residue has been identified, a conserved glutamic acid that lies at 
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the opposite side of the tunnel. Mutation of either residue greatly impairs 

epimerization activity [94]. The proposed mechanism is that the histidine acts 

as a general base to deprotonate the α-carbon of the substrate, generating 

an enolate intermediate. The glutamic acid then acts as general acid instead, 

protonating the α-carbon and thereby converting the enolate to the D- form of 

the amino acid. Despite the limited amount of structural information, several 

studies revealed that E domains exhibit a certain degree of specificity towards 

their substrates [9], and in general tend to prefer peptidyl-PCP substrates 

rather than L-aminoacyl-substrate [95]. This is a strong indication that the 

epimerization occurs predominantly after the condensation reaction has 

already taken place.

Other very common modification domains in NRPS systems are 

methyltransferase domains (M). These are compact domains, with a size of 

about 45 kDa, that modify the substrates by introducing a methyl group. The 

majority of these domains are integrated in the A domain itself, between the 

two core motifs A9 and A10 [96,97], but they can also be found upstream of 

the A domain [98] or as stand-alone domains [99]. The most abundant type 

of modification is the N-methylation of the backbone, with the cyclosporine 

A as one of the best known examples [100]. Other types of methylation can 

also occur: O-, S- and even C-, though they are rather rare [8]. Less common 

is the N-methylation of the side chain of a substrate [98], and in this case 

the M domain is actually upstream of the A domain, rather than embedded 

into it. Though structural information on methyltransferase domains is scarce, 

several studies identified conserved motifs for the binding of SAM (S-adenosyl-

methionine), which suggests that this cofactor is most likely used as a donor 

of methyl groups for the methylation reaction [101,102].

A well characterized optional domain is the formylation domain (F), with 

the prominent example of the F domain of LgrA, the initiation module of linear 

gramicidin synthase [43,103]. The F domain is located directly upstream of 

the A domain, at the N-terminus of an initiation module. When the substrate 
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is activated and loaded onto the PCP domain, the latter transports it to 

the catalytic center of F domain. Utilizing formyltetrahydrofolate (fTHF) as 

cofactor, the F domain attaches the formyl group to the α-amino group of the 

substrate (N-formylation). Thereafter, the whole module undergoes extensive 

conformational changes that allow the PCP domain to transport the formylated 

substrate to the downstream C domain, and a new synthetic cycle can begin 

[43]. Like for the case of reductase domains, the advantage of having an 

N-formylated peptide is the lack of a positive charge, which can be critical for 

the biological function of the compound, e.g. for antibacterial activity.

Flavin mononucleotide (FMN)-dependent oxidase domains (Ox) are 

another type of accessory domains found in NRPSs. They are relatively small 

domains (about 30 kDa) and, like the M domains, they are often embedded in 

the C-terminal subdomain of the A domain itself, between the core motifs A8 

and A9 [96,104,105]. Ox domains show two main conserved signature motifs, 

Ox1 and Ox2, which suggests their homology with other FMN-dependent 

oxidoreductases. They are responsible for the oxidation of thiazolines or 

oxazolines species generated by cyclization domains to the corresponding 

thiazole or oxazole. Like other domains, their activity is strictly dependent on 

substrate supply and positioning by the PCP domain. 

Other less represented tailoring domains include ketoacyl reductase 

(KR) domains [106–108], monooxygenases (MOx) domains [105,109] and 

β-lactam forming C domains [86,110]. The latter are particularly interesting in 

that they show a novel function for C domains, namely β-lactam ring formation. 

The mechanism that has been proposed for this function involves an extra 

residue of histidine immediately preceding the active site motif, in this case 

(H)HHxxxDG, which catalyzes the dehydration of a serine (donor) substrate. 

Thereafter, the α-amino group of the acceptor substrate first attacks the 

dehydroalanine side chain (amine addition), generating a secondary ammine. 

This subsequently attacks the carbonyl group of the thioester (nucleophilic 

attack), generating the thioester bound β-lactam intermediate [86].
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3. Types of NRPS
3.1. Linear, iterative and nonlinear NRPSs

Linear NRPSs or type A NRPSs synthesize their products in a colinear fashion, 

where each module specifically recognizes and incorporates only one substrate 

into the growing peptide. The biosynthetic cycle of these enzymes is the 

simplest amongst NRPSs (Fig. 2), with the sequence of the product reflecting 

exactly the amount and order of the modules. Linear NRPSs systems can 

either consist of individual proteins performing the complete synthesis process 

[10,111,112], or, more often, several proteins each assembling fragments of 

the final product [113–116].

Iterative NRPSs, also called type B NRPSs, can reutilize specific modules 

during one biosynthetic cycle, resulting in certain modules incorporating the 

same substrate multiple times [117–119]. Often this mechanism leads to 

the formation of symmetrical compounds, like the siderophore enterobactin 

or the antibiotic gramicidin S. Because of the nature of their biosynthetic 

cycle, iterative NRPSs require a “storage position” for the intermediates that 

are being assembled. These intermediates can either be stored on the PCP 

domain [120,121] or on the terminal thioesterase domain [84,119]. The 

iterative activation and incorporation of one substrate can go on for as many 

as 5 elongation cycles in certain NRPSs, until the growing peptide reaches 

a critical length and triggers the final unloading/release step. Though it is 

unclear what determines the critical length, the structural features of the 

peptide and the NRPSs themselves might play a role [8].

Nonlinear, or type C, NRPSs assemble their product utilizing a similar 

strategy to that of iterative NRPSs. In this case though it is not a specific 

module that is being reused multiple times, but an individual domain. Most 

commonly this is an A domain that provides aminoacyl-AMP to other domains 

than its cognate PCP domain, even to different NRPSs [104,122–124].

1



28

3.2. Stand-alone NRPSs

Despite the different biosynthetic cycles that have been described, some of 

the core features of NRPSs are their modularity and the large size that often is 

required to house all the domains necessary for the synthesis of the product. 

Surprisingly, a recent genome-mining study [125] found that about 10% of 

the bacterial gene clusters for these enzymes lacked the canonical modular 

organization. In these cases, individual modules (a well-known example 

being the gramicidin S synthetase GrsA) or individual domains and didomains 

are encoded on separate proteins that work in concert to perform all the 

biosynthetic steps required for NRP synthesis. Commonly these isolated 

proteins activate and provide unusual substrates [126–129], involving in 

cis [126] or in trans modifications performed by external enzymes that are 

recruited by the NRPSs themselves [127]. But stand-alone domains can also 

carry out canonical functions, with the notable example of the C domain of 

VibH [60]. In general, the existence of such machineries proves that the core 

domains of NRPSs have the ability to operate autonomously and in a non-

modular context.

3.3. PKS-NRPS hybrids

The same genome mining study discussed above [125] identified approximately 

3400 gene clusters involved in the synthesis of NRPs and PKs (polyketides), 

another class of natural compounds synthesized by mega-synthases known 

as PKSs (polyketide synthases) [17]. These clusters are mainly distributed 

between bacterial and archaeal organisms, with rare occurrences in fungi 

[125]. A large portion of these clusters, about 34%, contained genes that 

encode for hybrid synthases, that is, enzymes that bear functional core 

domains of both PKSs and NRPSs. Sharing a common thiotemplate mechanism 

for loading and transporting substrates—NRPSs have PCP domains, PKSs have 

ACP (acyl-carrier-protein) domains—these enzymes are able to assemble 

extremely complex chemical structures. Notable examples of PK-NRP hybrid 
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products are the anticancer agents bleomycin [124] and epothilone [70], the 

antibacterial and antifungal paenilamicins [98] and the antibiotic zwittermicin 

A [130]. PKS-NRPS hybrid machineries can either be organized in the same 

polypeptide chain (tethered type), or in separate subunits where often stand-

alone enzymes of one kind are coupled with modular systems of the other (non-

tethered type) [131]. The individual subunits need to communicate efficiently 

to coordinate the transport of substrates and intermediates across the hybrid 

system. Crucial players in these interactions are specific linker regions in 

the tethered type-hybrids, and special docking domains for the non-tethered 

type [131–133]. Given their intrinsic communication capabilities there is 

great interest in engineering hybrid PKS-NRPS systems for the production of 

novel compounds [134]. In this respect, future structural studies will provide 

new insights into the synthesis mechanism and the necessary protein-protein 

interactions in these hybrid systems, pushing the engineering efforts one step 

further. 

4. Higher order architecture of NRPSs
The extensive research on NRPS enzymes in the past decades helped 

unravel many of the biochemical features of these enzymes, as well as the 

structural features of their domains. Although many structures of single 

domains [35,49,60,61,79,135,136] and di-domains [53,137–139] have been 

available for some time, solving the structure of an entire module, or even 

the multimodular structure of an NRPS, has offered a formidable challenge. 

To date, there is limited information about the modular structure of NRPS 

[43,44,63]. What these structures show, essentially, is a rigid organization of 

the main catalytic domains, namely the A and C domain (formylation domain 

in one case [43]). More specifically, it is the N-terminal Acore subdomain that 

is involved in this type of organization. These C(F)-Acore duets form a solid 

catalytic platform of rectangular shape, with the active sites aligned on the 

same side. The Asub subdomain is connected to the Acore by a flexible linker 
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that allows it to move relative to the catalytic platform, therefore allowing 

the different half-reactions that will have to take place. The 4-helix bundle 

of the PCP domain is itself connected to the Asub via a flexible linker, and it is 

capable to move along the platform and contact all of the catalytic domains 

for thioester presentation to the active sites. Overall, these structures show 

that the position of Asub and PCP relative to the other domains and to each 

other are influenced by the catalytic state of the module (Fig. 4A-D).

These studies show conformational flexibility of individual NRPS domains, 

at the same time highlighting a certain rigidity of the main components of the 

assembly line. Based on the superposition of the structure of SrfA-C (C-A-

PCP-Te) and a di-domain (PCP-C) structure from tyrocidine synthase [62], 

a structural model for a multimodular NRPS was later proposed [140]. In 

this model, the modules are organized in a helical fashion along a central 

axis, each module being rotated 120° relative to the adjacent ones. The 

PCP domains would be located within the helix, protected from the solvent. 

Overall, the model proposed a very rigid organization of the modules, which 

seems unlikely given the frequent conformational changes that happen during 

NRP synthesis. Indeed, recent structural studies revealed how flexible NRPS 

actually are and that they can adopt many different conformations [141,142]. 

In one of these studies, the first ever dimodular structure of an NRPS (LgrA) 

was solved [142], revealing how the major structural features of the single 

domains are conserved, as well as the domain organization in each catalytic 

state (Fig. 4E). Other structures were generated during the same work, 

which show different orientations of module 2 for the same catalytic state 

of module 1, suggesting that the overall conformation is independent of the 

single modules’ catalytic state [142]. Small angle x-ray scattering studies on 

the constructs’ behavior in solution, and subsequent modeling of the results, 

confirmed the high flexibility of LgrA. The only event that requires the strict 

coordination of two adjacent modules is the condensation reaction, where 

the two PCP domains have to bind the C domain at their respective binding 
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site to allow peptide bond formation. This entire process is mediated by the 

interaction between donor PCP and C domain during the reaction itself [142]. 

Figure 4. Higher order architecture of nonribosomal peptide synthetases. (A) 

Termination module of SrfA-C, architecture C-A-PCP-Te, inactive (PDB: 2VSQ) [63]. (B) 

Elongation module of EntF, architecture C-A-PCP, thiolation state (PDB: 5T3D) [44]. (C) 

Termination module of AB3403, architecture C-A-PCP-Te, condensation state (PDB: 4ZXH) 

[44]. (D) Initiation module of LgrA, architecture F-A-PCP, formylation state (PDB: 5ES9) 

[43]. (E) Initiation and first elongation module of LgrA, architecture F1-A1-PCP1-C2-A2-

PCP2, both modules in condensation state (PDB: 6MFZ) [142]. 
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5. The biosynthetic cycle of NRPSs
The recent advances in structural biology discussed above provided numerous 

insights into the catalytic mechanisms at the base of NRP synthesis, as well 

as a better understanding of the movements that the core domains undergo 

during this process. The transitions between the main catalytic states of a 

canonical module (C-A-PCP) require large conformational changes that mainly 

involve the small domains Asub and PCP. A full synthetic cycle of one elongation 

module requires 4 stages, defined by the catalytic state and the position of 

Asub and PCP relative to the catalytic platform formed by the C domain and 

Acore [43,44]. 

In the first stage, the A domain is an open state, that allows the 

diffusion of ATP and the substrate into the active site, where the interaction 

with the residues of the binding pocket provides the correct positioning of 

the functional groups. In the second stage, the Asub rotates by about 30° 

closing in towards the Acore. This movement brings the catalytic lysine, housed 

on a flexible loop, inside the active site, thereby priming the adenylation 

reaction [43]. The third stage involves further movement of the Asub, which 

rotates by approximately 140° on the horizontal plane, presenting now the 

opposite face to the Acore, and drags the PCP domain on top of the active site 

[32,43,44,143]. The ppant cofactor can now penetrate the binding pocket 

and attach the substrate, releasing AMP in the process. In the last stage, 

Asub rotates again by about 180° and moves away from Acore, in concert with 

a rotation of the PCP domain that allows the latter to travel the necessary 

distance to reach the C domain. In this stage the substrate is provided for 

the condensation reaction. At the same time, the A domain returns to the 

initial open state, ready to begin another cycle [43,44]. While the A domain 

stays in open conformation, the elongated peptide can then be transported 

to the downstream C (or Te) domain for further processing, with a simple 

rotational movement of the PCP domain [44,142]. When two PCP domains 

of adjacent modules are in peptide donation conformation, that is, bound to 
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their respective sites on the C domain, both of the A domains can start new 

synthetic cycles simultaneously. This intrinsic ability of NRPSs improves the 

catalytic efficiency and production rate of NRP synthesis. 

The new structural information and a greater understanding of the 

dynamics of NRP synthesis will be instrumental in gaining valuable insights on 

how NRPS machineries operate, potentially serving as a fresh starting point 

for the design of novel and more successful engineering strategies.

6. Interactions with helper proteins and other 
associated enzymes
As discussed in the previous sections, NRP synthesis is a significantly complex 

process, in which a variety of structural protein domains cooperate and carry 

out specific functions that ultimately lead to the assembly of the final product. 

NRPSs are not the only players involved and they often require interactions 

with other proteins to fulfill their function. In this section the main interaction 

partners of NRPSs will be discussed.

6.1. Phosphopantetheinyl transferases

Phosphopantetheinyl transferases (PTTases) belong to a large superfamily of 

enzymes crucial for all domains of life [50,144]. They are responsible for a 

post-translational modification of modular synthases such as NRPS and PKS, 

as well as fatty acid synthases (FAS). All of these enzymes share a common 

thiotemplate-based mechanism, involving a carrier protein (CP) domain, that 

is responsible for the timely transport of the substrates and intermediates 

across the enzymatic system. As discussed previously for PCPs, these carrier 

proteins require a cofactor to be fully functional, the 4’-phosphopantetheine 

(ppant) moiety. The ppant works as a sort of “swinging arm”, where the 

intermediates are covalently loaded onto for transport. The cofactor attachment 

is mediated by PPTases, which use coenzyme A as substrate and tether the 

ppant to conserved residues of serine via a phosphoester bond [145].
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There are three types of PPTases. The holo-acyl carrier protein synthase 

(AcpS)-type PPTases (I) are primarily involved in the activation of FASs 

(primary metabolism) and therefore the most common type of PPTase. Sfp-type 

PPTases (II) are able to modify CPs from all classes of mega-synthases. The 

name derives from the gene sfp, encoding a PPTase involved in the activation 

of the surfactin synthase in B. subtilis. This enzyme is well expressed in E. 

coli, where it can be integrated in the genome [146], and it exhibits a broad 

promiscuity towards both CoA and CPs substrates. Therefore, it is widely used 

for the heterologous expression of NRPSs or PKSs genes. Integrated PPTases 

(III) have been reported in yeast and other fungi, where they are fused at 

the C-terminal end of certain FASs. They are the least represented family of 

PPTase.

PPTases work by deprotonating the hydroxyl group of the conserved 

residue of serine of CPs, priming the attachment of the ppant cofactor. 

The mechanism requires the presence of a Mg2+ ion, which is coordinated 

by conserved residues of glutamic acid and aspartic acid [145,147]. The 

mechanism of the interaction between Sfp and PCP was unraveled in a recent 

work [147]. The crystal structure of the complex Sfp/PCP revealed that the 

main interaction occurring is a hydrophobic contact between one helix (α2) of 

the PCP domain and the C-terminal domain of Sfp. Other contacts (including 

a hydrogen bond) were observed, but mutational analysis proved them to be 

non-essential. Comparisons with the crystal structure of a human PPTase/ACP 

complex [148] showed strong similarities, suggesting a conserved interaction 

mechanism across all domains of life.

6.2. MbtH-like proteins

MbtH-like proteins (MLPs) are small proteins, about 70 amino acids in length, 

that are often associated with NRPS biosynthetic gen clusters (BGCs). The 

name derives from the first identified member of this family, MbtH, encoded 

in the biosynthetic gene cluster (BGC) of the siderophore mycobactin in 
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M. tuberculosis [149]. They are widely present in bacteria, especially in 

actinomycetes where more than one MLP can be encoded in the same BGC, 

while they appear to be completely absent in fungal NRPS systems [150]. 

MLPs have been studied extensively in recent years, and yet the exact function 

remains still unknown. Growing evidence suggests that they can increase the 

activity of A domains as well as enhance the soluble expression of their partner 

NRPSs [151–153], although in some cases the deletion of the MLP gene from 

a cluster does not have any effect on the biosynthesis of the NRP [154]. An 

interesting feature of MLPs is that they can activate non-cognate NRPSs as 

well, both in vivo and in vitro [152,153,155–157]. In the most recent of 

these works, it has been shown that the heterologous expression of bacterial 

MLPs can boost the production of NRPS-related secondary metabolites in the 

filamentous fungus P. chrysogenum [152].  

The structure of several MLPs has been solved, both as isolated proteins 

[158,159] as well as in complex with A domains [97,141,160,161]. Generally, 

these proteins display a core region containing a three-strand antiparallel 

β-sheet and a C-terminal helix. The structures of the complexes MLP-A domain 

show a conserved interaction mechanism, involving three conserved residues 

of tryptophan. Two of them form a pocket that binds an alanine residue on 

the Acore, while a third one positions itself in a pocket formed by hydrophobic 

residues on the A domain.

Many functional aspects of the association MLPs-NRPSs remain yet to 

be elucidated, but it appears already evident that these small partner proteins 

possess a great biotechnological value. Potential applications span from 

the overexpression of hybrid BGCs and the activation of silent ones to the 

improvement of industrial producer strains.

6.3. Trans-acting tailoring enzymes

The chemical diversity of NRPs can further be expanded by the action of trans-

acting enzymes [162]. Some of the modifications introduced at this stage can 
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be important for bioactivity. The most prominent example of tailored NRPs is 

the case of glycopeptide antibiotics (GPAs), such as vancomycin or teicoplanin 

[163–165]. These compounds are characterized by a heptapeptide scaffold, 

which can be decorated with a myriad of modifications. Glycosyltransferases 

act specifically on the final product of GPAs-related NRPS, using the appropriate 

UDP-sugars to glycosylate specific residues of the peptide in a regiospecific 

manner. Other modifications include sulfation, acylation and methylation 

[166]. In each case specific stand-alone enzymes are involved, which most 

often act post-assembly line. Some of these can be critical for bioactivity—

acylation of GPAs seems to be essential for activity against certain bacteria—

while others generally improve solubility or stability of the compounds.

Other types of tailoring enzymes act on substrates or synthesis 

intermediates, and therefore are required for the correct processing and 

release of the peptides. This is the case of P450 monooxygenases (P450 MO), 

a widespread superfamily of enzymes which generally incorporate hydroxyl 

groups in the metabolism of various compounds [167]. For instance, the 

inactivation of three P450 MO involved in the synthesis of GPAs completely 

stalls the respective NRPS machinery [163–165,168]. These enzymes 

catalyze the oxidative cyclization of the linear precursor peptides via cross-

linking of the aryl side chains, resulting in the rigid aglycone scaffold that is 

subsequently glycosylated.

P450 MO need to be efficiently recruited by NRPSs in order to perform 

their specific catalytic steps in a timely and coordinated manner. Different 

domains can play a major role in this process. In the case of GPAs, recent 

studies revealed the involvement of a novel domain, the X domain [169,170]. 

This domain is conserved in the termination module of all GPA-related NRPS 

machineries, and it is structurally related to C domains. Mutations in the active 

site motif (HRxxxDD) render the X domain catalytically inactive. Its function, 

instead, is that of recruitment of a P450 MO via specific hydrogen bonds 

and salt bridges. These interactions occur between the catalytic motif of the 
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monooxygenase (PRDD) and two residues of arginine on the X domain. It has 

been shown that mutating these residues can abolish the oxidative cyclization 

of the precursor peptides [169,170]. In other NRPS systems, it is the PCP 

domain that interacts with the cognate P450 MO via a network of hydrophobic 

contacts. For instance, this interaction is crucial for the β-hydroxylation of 

the amino acid precursors during the synthesis of the anticancer compound 

skyllamycin [171,172].

Halogenation is also a common type of modification (generally 

chlorination), once again well exemplified by the case of GPAs [166]. The 

incorporation of chlorine atoms is critical for the antibiotic activity of these 

compounds, as their absence significantly reduces their binding affinity to 

the lipid II  [173,174]. As for P450 monooxygenases, halogenases act during 

peptide assembly on the aminoacyl-S-PCP intermediates, with both the PCP 

domain and the bound substrate playing an important role in the recruitment 

of the enzyme [175].

Ultimately, this complicated network of interacting players greatly 

expands the chemical diversity of NRPs, granting them some of the features 

needed for bioactivity. Unraveling the details of the interactions between core 

NRPS machineries and tailoring enzymes can provide additional tools for the 

development of successful engineering strategies.

7. Engineering of nonribosomal peptide synthetases
As previously discussed, many NRPs are valuable compounds from an industrial 

and pharmaceutical point of view. Although they exhibit interesting biological 

activities, NRPs might not always have optimal pharmacokinetics properties 

or the desired target. Hence the great interest in engineering NRPSs for the 

production of modified or novel compounds. These efforts are further driven 

by the ever-rising phenomenon of antibiotic resistance.

Traditionally, the different approaches that have been used to engineer

NRPs production can be divided into two main types: (I) indirect, where the 
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focus has been either on the precursor supply chain, therefore modifying the 

building blocks themselves or altering their availability in the host, or on the 

use of engineered or exogenous trans-acting tailoring enzymes; (II) direct, 

involving direct manipulation of the genes encoding NRPS enzymes (Fig. 5). 
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Figure 5. Schematic overview of common direct NRPSs engineering strategies: Site-

directed mutagenesis and direct evolution of the residues of the binding pocket of A domains 

(a); domain, module and custom exchange units swapping approaches (b); reprogramming 

of NRPS assembly lines via fusion of COM (communication-mediating)-domains.



The following sections will focus solely on the latter, for which the most 

prominent and recent examples will be described.

7.1 Active site modification: mutagenesis and directed evolution

When the specificity code of A domains was deciphered [37], it became possible 

to identify sets of residues responsible for activating specific substrates. 

Theoretically, by introducing individual or combined point mutations within 

the binding site, changing the specificity code in essence, one could achieve 

the activation and incorporation of alternative substrates. This strategy has 

been successfully used in several instances to achieve incorporation of non-

native substrates [23,25,176,177]. The introduction of a single or double 

mutation was sufficient to change the specificity of the domain, with little or 

no loss of activity at all. However, it is worth to mention that in all of these 

cases the newly activated substrates are either structural analogues of the 

native ones (e.g. Glu/Gln, Asp/Asn), or functionalized versions thereof. Thus, 

the chemical diversity achieved was limited. Another interesting application 

was to redirect naturally promiscuous A domains towards certain substrates 

[22,178]. Overall, this approach might hold higher chances of success, given 

that the native enzymes already possess the intrinsic ability to activate these 

substrates.

An alternative active site modification approach is that of directed 

evolution. The rationale is based on the knowledge that the multitude of 

NRPS machineries in nature has evolved via gene duplication, deletion, 

insertion and point mutation events [179]. “Recreating” and redirecting this 

evolution process could therefore be a viable strategy to achieve activation 

of an alternative substrate and improve the activity towards certain natural 

substrates [180–182], or greatly improve the activity of hybrid NRPSs [26]. 

These strategies usually involve several rounds of random mutagenesis (e.g. 

via error-prone PCR) or saturation mutagenesis of specific residues that 

interact directly with the substrate (crystal structures are particularly valuable 
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in this case). What they all have in common is that they require (medium-)

high-throughput screening methods, given the large libraries of genes that 

are generated, that are often costly, time-consuming and limited by the type 

of compounds that the target NRPS produces.

In general, the advantage of active site modification as a targeted 

approach is that the structural changes that are introduced are usually minor, 

therefore less likely to lead to unfolding/degradation issues as well as to 

introduce disruptions in key linker regions of the enzyme. Disadvantages 

include time-consuming and costly laboratory procedures, as NRPS enzymes 

are encoded by large genes, and the lack of a universal screening method. 

Also, as discussed in the previous sections, the other domains of a NRPS 

exhibit some degree of specificity towards their native substrates as well, 

further limiting the chances of success of these approaches.

7.2. Domain, module and unit exchanges

The primary sequence of a NRP is determined by the sequence and order of 

modules in an NRPS. Thus, it seems logical that altering the modular structure 

by inserting, deleting or replacing individual domains, modules or other types 

of exchange units (XUs), could potentially lead to the production of altered 

or novel compounds. The most simple approaches involved the complete 

deletion [183] or insertion of a module [20], leading respectively to a shorter 

or a longer NRP product. 

Early examples of swapping strategies date back more than twenty 

years, with the work of Prof. Marahiel and colleagues on the surfactin synthase 

[184,185]. Both works showed that replacing either individual A domains 

[184] or a whole module [185] led to functional hybrid NRPSs that produced 

the expected peptides. Several other examples of such successful strategies 

exist, where entire domains [19,186,187] or modules [20,28,188,189] have 

been swapped. One of the most extensive work in this respect was carried out 

on the daptomycin biosynthetic pathway. A variety of approaches, including 
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domain, module or entire subunit (stand-alone NRPSs) exchanges, as well as 

module fusions and engineering of tailoring enzymes, were used to produce 

variants of the lipopeptide daptomycin, a compound with antibiotic activity 

against Gram-positive bacteria. Some of the variants that were generated 

possessed improved pharmacokinetics properties and were as active as the 

native compound [18,189–191]. Although these strategies may all seem 

relatively successful, in many instances such major manipulations led to 

expression, folding or degradation issues, because of the large perturbations 

introduced in the structural organization of the enzymes. Even when successfully 

expressed, many chimeric NRPSs have significantly lower yields compared to 

their wild-type counterpart, or don’t exhibit any activity whatsoever. The most 

likely reason is that some of the key inter-domain interactions are disrupted, 

leading to inactive enzymes.

In recent years new engineering strategies have attempted to tackle 

this issue by replacing noncanonical exchange units and therefore trying to 

preserve those key interactions. It is the case of the sub-domain swap strategy 

used by Kries and coworkers in 2015 [21]. In this work, the researchers 

targeted a specific region with a flavodoxin-like fold within the N-terminal 

subdomain of the A domain. This so-called “subdomain” encompasses 

the binding pocket (including the 9 residues that confer specificity) and is 

characterized by a compact fold, making it ideal for excisions and insertions 

while keeping other functionally relevant interfaces intact. Indeed, all the 

hybrids that were generated were successfully overexpressed, with 4 out of 9 

producing the expected peptides. This approach has much higher chances of 

success when the crystal structure of the target NRPS is available, given the 

need for a precise determination of the subdomain boundaries.

More recent works targeted bigger exchange units, encompassing multi-

domains or cross-module regions, while maintaining a particular attention 

to the junction points and linker regions [192–194]. In particular, in one 

of these studies the swapping approach was taken a step further: chimeric 
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NRPSs were designed and assembled de novo using XUs in a combinatorial 

manner [192]. Several hybrids were built with an unprecedented success 

rate. A key factor was the identification of a new inter-domain fusion point, 

located in the C-A linker regions. Compared to other linkers (A-T, T-C), the 

sequence of this linker is considerably more conserved and bigger, about 30 

amino acids in length. The 20 N-terminal amino acids are involved in weak 

hydrophobic (and possibly aspecific) interactions between the two domains, 

and they always include an α-helix. The remaining 10 at the C-terminal have 

no secondary structure and only interact with the A domain. The researchers 

use the junction between these two regions as the fusion point, assuming that 

the ability of C and A domains to interact would be preserved in its entirety. 

This proved to be a highly efficient strategy, with the only limiting factor being 

the specificity of the downstream C domains.

Indeed, in another study where a combinatorial approach was used to 

build chimeric NRPSs, it was confirmed that the success of the engineering 

experiments strongly relied on respecting the original specificities of the C 

domain, with the acceptor site being particularly stricter [194]. To tackle 

this limit, a new potential fusion point was identified within the C domain 

itself [193]. The rationale behind this approach is that C domains are 

pseudo-dimers constituted by two lobes, therefore the linker region that 

connects them is an ideal target for the fusion. Results were encouraging 

and demonstrated that this assumption was correct: a hybrid bacterial NRPS 

containing an exogenous ATC unit was completely inactive, while the one 

containing the ATCCTerm unit showed even higher activity than wild-type [193]. 

A similar strategy was attempted  with fungal NRPSs, in this case leading to 

no success [194], probably due to intrinsic structural differences between 

bacterial and fungal domains. In general, each approach should be tailored 

to specific engineering experiments, depending upon factors such as domains 

specificity compatibility and organisms of origin.

1

Introduction



43

7.3. Reprogramming of assembly lines via COM domains

NRPS assembly lines are very often constituted of several individual proteins, 

each of them assembling specific fragments of the final product [113–116]. The 

activity of each needs to be efficiently coordinated so that the intermediates 

are presented only at the right protein-protein interface. This interaction is 

mediated by small regions found at the termini of the proteins, the so called 

communication-mediated (COM) domains [195]. Analogously to a lock and 

key system, the COM domains—COMD (donor) and COMA (acceptor)—bind to 

each other in a complementary manner. This provides a platform that allows 

a transient, productive and specific interaction between two partner NRPSs, 

preventing undesired coupling events that would lead to a shortened product 

or a complete halt. Certain COM domains exhibit strict specificity towards their 

partner, while others appear more relaxed. The key is in specific conserved 

motifs within the COM domains, that interact directly with each other [196].

Because of the small size of COM domains (roughly 20-30 amino acids), 

they have great potential for engineering purposes, as one could easily 

introduce partner COM domains at the termini of two NRPSs with the goal 

to generate a hybrid compound. Indeed, several studies have shown the 

possibility to use COM domains to reprogram NRPS assembly lines [196–

198]. Entire biosynthetic machineries could be reprogrammed simply by 

swapping partner COM domains, therefore forcing alternative assembly of 

the final products. In one case the hybrid assembly line was derived from 

three different biosynthetic systems, while the production yield was always 

comparable with that of the native ones. In the most recent of these works 

[198], targeted mutations within the COM domains were enough to alter 

the selectivity of the NRPSs subunits, leading to the production of novel 

lipopeptides with antifungal and antimicrobial activity. 

The main advantages of a COM-based NRPS engineering approach 

are the relatively light workload, small structural changes to the overall 

architecture of the enzymes, and undoubtedly the universal applicability. The 
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main limiting factor for such an approach is that the individual specificities 

of the adjacent modules and domains that are brought together must be 

somewhat compatible, in order for the synthesis to proceed.

Overall, in the last decade significant progress has been made with 

NRPS engineering, although a universal “plug and play” approach hasn’t been 

developed yet. Despite this, a wide variety of strategies are now available, each 

with its own advantages and disadvantages. Combined with the increasing 

availability of NRPS structures, this will allow researchers to be able to select 

and tailor specific approaches based on their goal, target NRPS and organism 

of origin, opening a new era for the combinatorial biosynthesis of bioactive 

peptides.
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