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Scope of the thesis

The aim of this thesis was to investigate some of the fundamental aspects 

of substrate recognition and activation during the synthesis of nonribosomal 

peptides (NRP). In this thesis, the focus is on the enzyme ACV synthetase 

(ACVS), a unique trimodular nonribosomal peptide synthetase (NRPS) 

involved in the first step of the biosynthesis of β-lactam antibiotics.

Chapter 1 provides an overview of nonribosomal synthesis, including detailed 

descriptions of each of the structural domains that play key roles during the 

process, as well as the function of trans-acting proteins. Furthermore, the 

dynamics of the domain interactions during the catalytic process are outlined. 

Lastly, the biotechnological potential of NRPS is briefly discussed, with 

a particular focus on the history of engineering approaches and the latest 

progress in the field.

In Chapter 2 we investigated the activity of the ACVS from the soil bacterium 

Nocardia lactamdurans. The protein can be very well overexpressed in E. 

coli and purified to near homogeneity, which allowed its characterization with 

respect to substrate specificity and product formation. Module 1 is strictly 

specific towards its substrate L-α-aminoadipic acid, while module 2 and 3 can 

activate a broader variety of amino acids. 

Chapter 3 focuses on the interaction between the first adenylation domain 

(module 1) of the ACVS and its cognate substrate L-α-aminoadipic acid. The 

extraordinary activity of ACVS is that the first substrate L-α-aminoadipic acid 

is activated on its δ-carboxyl group, resulting in a noncanonical peptide bond 

with L-cysteine. Here, we generated a structural model and performed multiple 

sequence alignment analysis to investigate the architecture and chemistry of 

the binding pocket. This allowed the identification of certain residues with 
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potential key roles in substrate recognition and activation. To investigate 

this, we performed site-directed mutagenesis on those residues and analysed 

the impact of the mutations on ACV synthesis. The results suggest a non-

canonical interaction between the binding pocket and the substrate.

Chapter 4 describes the discovery of a conserved domain in the first module 

of ACVS enzymes, previously unidentified. Bioinformatic analyses such 

as domain prediction and modelling revealed the presence of structured 

N-terminal regions in the first module of ACVS that show strong structural 

similarity with condensation (C) domains. However, these domains, referred 

to as C*, are about half the size of a full C domain and lack the canonical 

active site motif. To investigate their potential role, we generated deletion 

variants of Penicillium rubens and Nocardia lactamdurans ACVS and assessed 

the impact on the enzyme activity in vivo and in vitro, respectively. Both 

enzymes lost their ability to synthesize ACV, though we still observed the CV 

intermediate in the in vitro reaction, indicating that module 2 and 3 remain 

functional.

Chapter 5 briefly summarizes all the topics and findings discussed in the other 

chapters and provides a general outlook on the biotechnological potential of 

NRPS.  
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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]. 

1
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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 

1
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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 

1

Introduction



17

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 

20
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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 
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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].
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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 

1

Introduction



31

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 

1

Introduction



33

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 

1



36

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 

1



38

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.
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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 

1



44

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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Biochemical characterization of the N. lactamdurans ACVS

Abstract
The L-δ-(α-aminoadipoyl)-L-cysteinyl-D-valine synthetase (ACVS) is a 

nonribosomal peptide synthetase (NRPS) that fulfills a crucial role in the 

synthesis of β-lactams. Although some of the enzymological aspects of this 

enzyme have been elucidated, its large size, at over 400 kDa, has hampered 

heterologous expression and stable purification attempts. Here we have 

successfully overexpressed the Nocardia lactamdurans ACVS in E. coli HM0079. 

The protein was purified to homogeneity and characterized for tripeptide 

formation with a focus on the substrate specificity of the three modules. The 

first L-α-aminoadipic acid-activating module is highly specific, whereas the 

modules for L-cysteine and L-valine are more promiscuous. Engineering of 

the first module of ACVS confirmed the strict specificity observed towards 

its substrate, which can be understood in terms of the non-canonical peptide 

bond position. 
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1. Introduction
Nonribosomal peptides (NRP) represent a very versatile group of low to 

medium molecular weight compounds that exhibit various biological activities. 

These peptides are exclusively produced by nonribosomal peptide synthetases 

(NRPS) and do not only contain proteinogenic amino acids, but may also 

contain a wide variety of non-proteinogenic amino acids and hydroxy acids 

[1]. NRP often undergo a series of modifications in cis, whether through the 

action of the NRPS or by further tailoring enzymes.

NRP synthesis universally starts in every module with the adenylation 

(A) domain, serving as a highly selective gate keeper, which recruits and 

adenylates a specific substrate, thereby forming an acyl-adenylate conjugate. 

Subsequently, the substrate-conjugate is transferred to the thiolation (T) 

domain by means of the phosphopantetheine (ppant) arm, with the AMP being 

released. The ppant arm is a CoA (Coenzyme A)-derived cofactor, covalently 

attached to a highly conserved residue of serine of the T domain by a ppant-

transferase. The activated substrates are then transported to the donor and 

acceptor sites of the up- or downstream condensation (C) domains, where 

peptide formation occurs with the upstream substrate being released from the 

ppant moiety, and the newly synthesized intermediate ready to be transported 

to the next condensation domain [2–6]. In some cases, the growing peptide 

can be further modified by accessory domains, such as N-methylation, 

substrate epimerization, and heterocyclization domains [7][8]. When the 

synthesis is completed, the peptide is often released via the activity of a 

thioesterase (Te) domain, either by macrocyclization or hydrolysis, resulting 

in a cyclic or a linear NRP, respectively [8][9].

Despite extensive efforts, including the solution of sub-domain, domain, 

di-domain and entire modular structures [5,10–14], the high conformational 

dynamics and flexibility that characterize NRPS enzymes [15] have rendered 

structural analysis a considerable challenge. Only recently the first structures 

of a dimodular NRPS were obtained [16], providing crucial information on the 
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dynamics of interdomain and intermodule interactions and, ultimately, NRP 

synthesis.  

Due to the relative simplicity and overall significance, the β-lactam 

production pathway [17–22] has been a paradigm for related research fields. 

Three distinct enzymatic steps are involved in the production of β-lactams, with 

the trimodular NRPS L-δ-(α-aminoadipoyl)-L-cysteinyl-D-valine synthetase 

(ACVS) providing the tripeptide (L,L,D)-ACV as the precursor for β-lactam 

antibiotics, such as penicillins or cephalosporins (Fig 1).

Figure 1. ACVS domain organization and product formation. The ACVS consists of a 

total of 10 domains arranged in three modules with distinct specificities for the incorporation 

of L-α-aminoadipic acid (L-α-Aaa), L-cysteine and L-valine into the tripeptide δ-(L-α-

aminoadipoyl)-L-cysteinyl-D-valine ((L,L,D)-ACV). The domain arrangement is conserved 

[30] and follows the order: AT-CAT-CATETe. The resulting (L,L,D)-ACV is converted into 

isopenicillin-N (IPN) by the isopenicillin-N synthetase (IPNS). Following different biosynthetic 

routes, IPN can further be converted into penicillins, cephalosporins, cephamycins and 

related compounds.  In the circle, a schematic representation of the strategy [33] adopted 

to engineer the specificity of the first module of Nl ACVS is shown.
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The three amino acids L-α-aminoadipic acid (L-α-Aaa), L-cysteine and 

L-valine are inserted in the final product in a co-linear fashion, thus the 

position of the incorporated substrate corresponds to the position of the 

respective module within the primary NRPS sequence [23]. Peptide formation 

itself is strictly determined by the selectivity of the domains of the ACVS. 

Furthermore, L-α-aminoadipic acid is adenylated on the δ-carboxyl group, 

resulting in a non-canonical peptide bond formation between L-α-Aaa and 

L-Cys. Lastly, L-valine is epimerized via an intrinsic epimerization (E) domain, 

located in the third module. The final product is released as a linear tripeptide, 

(L,L,D)-ACV, by a Te domain, and it is subsequently converted to isopenicillin N 

by the enzyme isopenicillin N synthase (IPNS), which catalyzes the formation 

of the β-lactam ring. 

ACVS served as a model NRPS, aiding to establish the nonribosomal route 

of peptide production. The protein has been studied in filamentous fungi such 

as Penicillium, Aspergillus, Cephalosporium as well as bacterial Nocardia and 

Streptomyces species [24–30]. The partial biochemical reactions of the NRPS 

domains has been examined mostly by using crude cell extracts or partially 

purified enzyme [30]. The large size of the protein, 404-425 kDa [30], makes 

expression and purification challenging for biochemical characterization. 

Here, we focus on the pcbAB gene of Nocardia lactamdurans that encodes a 

404 kDa ACVS, first enzyme of the cephamycin biosynthetic pathway in this 

organism [29]. This protein was previously overexpressed in Streptomyces 

lividans, purified to near homogeneity and characterized for ACV synthetase 

activity. The enzyme activity was measured using 14C‐valine in an ATP/PPi 

exchange assay [31]. Here, we heterologously overexpressed Nl ACVS in E. 

coli HM0079 [32], a platform strain that carries the 4′-phosphopantetheine 

transferase gene sfp, crucial for the production of active holoenzymes. The 

protein was purified to homogeneity and characterized for tripeptide production 

and substrate promiscuity via HPLC-MS. This allowed for the determination 

of fundamental biochemical parameters and substrate specificity of the 

2



individual modules. Furthermore, we engineered the adenylation domain of 

the first module of ACVS, adapting a subdomain swap strategy [33][34] with 

the goal of generating hybrid NRPSs able to activate alternative substrates 

and incorporate these at the first position of the tripeptide for novel b-lactam 

production.

2. Results
2.1. Purification and biochemical characterization of the N. 

lactamdurans ACVS

The Nocardia lactamdurans ACVS was overexpressed in E. coli HM0079 as a 

C-terminal 6xHis-tagged protein, and purified by Ni2+ affinity purification. The 

overall yield was 13.9 ± 3.4 mg pure ACVS per liter of culture (Fig 2). 

64

Figure 2. Ni2+ affinity chromatography purification of the Nocardia lactamdurans 

ACVS. Nl ACVS was isolated from E. coli HM0079 cells and harvested after overnight 

expression at 18 ºC. A cell-free lysate was obtained through sonication and subsequently 

separated into a clear supernatant (CFL) and the pellet was resuspended in 8 M Urea (CFL 

(i)). The clear lysate was further purified using gravity flow in combination with a His-

tag affinity chromatography, using two washing steps (W1, W2) and elution with 50, 150 

and 250 mM imidazole, respectively (E1, E2, E3). Marker lane shows reference proteins 

corresponding to 170 (upper band) and 130 kDa (lower band).
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The purified enzyme (fraction E3) was subjected to in vitro product formation 

assays using conditions outlined in the methods section. In these assays, 

varying concentrations of the three substrate amino acids were used (Fig 

3). Reactions were evaluated over a 4 h time course, and analyzed by HPLC/

MS. Resulting ACV levels were quantified and normalized, showing a near 

linear product formation over the entire time course (Fig 3A-C). Maximal ACV 

product levels under the given conditions reached nearly 50 µM, exceeding 

the enzyme concentration (0.17 µM) by almost three orders of magnitude, 

indicating multiple turnovers. The calculated Vmax value for the ACVS activity 

was 0.78 ± 0.14 µM (ACV)*min-1*µM enzyme-1. Apparent KM values were 

determined from the Michaelis-Menten kinetics with a >98% curve fit. Values 

of 640 ± 16, 40 ± 1 and 150 ± 4 µM were obtained for L-α-aminoadipic acid, 

L-cysteine and L-valine, respectively (Fig 3D).

2.2. Substrate specificity of the Nl ACVS

Next, we determined the enzyme substrate specificity. Therefore, three sets 

of reactions were arranged, varying the substrate for each of the three ACVS 

modules, also using structural analogues. The concentration of the variable 

amino acid was set at 5 mM. Product levels were determined as end points 

after 4h and analyzed for formation of the predicted tripeptides and related 

structures using HPLC/MS (Fig 4). In addition to the three native substrates, 

17 analogues were tested in a total of 25 reaction setups (Table 1). Next to 

the ACV tripeptide, we detected 12 of the expected tripeptides (M1: 3; M2: 

5; M3: 3) as well as the AC-Cys tripeptide in a reaction using L-α-Aaa and 

L-Cys only (S1 Appendix). Based on extracted ion count, production levels 

vary strongly for the various tripeptides, from 0.003 % up to 13.8% relative 

to ACV production levels, assuming the same degree of ionization for the 

alternative tripeptides, for which no chemical standard was available (Table 

1).

2
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Figure 4.  Substrate promiscuity of the N. lactamdurans ACVS: structures of expected 

tripeptides. The predicted structures of the novel tripeptides and their corresponding 

reactions are numbered 1-26 (see table 1). Italic numbers indicate production of the 

respective tripeptide. * = ACC tripeptide derived from L-α-Aaa and L-Cys only (26).

Table 1. ACVS substrate promiscuity. Three sets of reactions were analyzed varying the 

amino acid on one position within the tripeptide. Alternative substrates were added to a 

concentration of 5 mM, replacing either L-α-Aaa (M1), L-Cys (M2) or L-Val (M3). Reactions 

(numbered 1-26) were evaluated using LC/MS and peaks of interest were assessed according 

to accurate monoisotopic mass (Mi). The resulting levels were set relative to the production 

of ACV (= 100), assuming similar ionization. Values derived from two biological and 

technical replicates ± standard deviation (except for DL-aminopimelic acid and 2-oxoadipic 

acid reactions, with only two technical replicates).
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2.3. Engineering of the first adenylation domain of Nl ACVS

Next, we constructed a set of hybrid NRPS enzymes, by replacing the L-α-

aminoadipic acid-specific subdomain of the first adenylation domain of 

Nl ACVS, with alternative amino acid sequences from donor NRPSs (S1 

Fig.). Herein, the word subdomain is used to define specific regions of the 

adenylation domains which meet distinct criteria, determined by Kries and 

coworkers (2015). Donor NRPSs were selected according to their substrate 

specificities: the alternative sequences were chosen to explore the possibility 

to engineer hybrids that would activate and incorporate amino acids with 

different types of side chains (L-glutamic acid, L-aspartic acid, L-threonine, 

L-leucine, L-tyrosine and L-valine). One of the subdomains (L-valine-specific) 

was selected from the third module of Nl ACVS itself. We further included the 

L-α-aminoadipic acid-specific subdomain from the first module of Penicillium 

chrysogenum ACVS, with a subdomain sequence identity of 48.5%, as a 

control. The complete set of subdomains used in the engineering strategy is 

listed in Table 2. 

2

Table 2. Set of subdomains selected for the engineering strategy.
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Figure 5. Subdomains multi-alignment and boundaries determination. (A) Multi-

alignment of the subdomains used in the engineering strategy proposed by Kries and 

coworkers [33]. The two residues highlighted in yellow in the consensus sequence represent 

the first highly conserved motif with a phenylalanine and the aspartic acid which forms 

a hydrogen bond with the amino-group of the amino acid substrate [35]. The motifs 

highlighted with the red boxes represent the conserved motifs identified as boundaries of 

the subdomains in the consensus sequence. (B) Multi-alignment of the subdomains selected 

for this work; in absence of structural information the conserved motifs at both ends were 

used to determine the subdomain boundaries.
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The amino acid sequences encoding the substrate-specific subdomains were 

identified through multi-sequence alignment analysis, as outlined in the 

methods section and in Fig 5. Hybrid NRPS constructs were built using a 

system (S2 Fig.) based on the Golden Gate assembly, a synthetic biology 

method that allows easy and seamless assembling of smaller DNA fragments 

into larger genes [34]. All the intermediate vectors utilized in the assembly 

strategy were successfully cloned in E. coli DH5α and sequenced individually. 

The Golden Gate assembly reactions for the hybrid NRPSs, which were 

named ECVS, DCVS, TCVS, LCVS, YCVS, VCVS and PcANlCVS (according to 

the predicted specificity of the hybrid module), were performed in vitro and 

transformed directly into E. coli DH5α cells for storage and sequencing.

Hybrid NRPS genes were overexpressed in E. coli HM0079 as C-terminal 

6xHis-tagged proteins, and purified by Ni2+ affinity purification as described 

for the wild-type Nl ACVS. 

2

Figure 6. Overexpression and activity assays of the hybrid NRPSs. (A) SDS-PAGE 

analysis of the purified fractions of the hybrids: only fraction E2 (150 mM imidazole) 

is shown. Marker lane shows reference protein corresponding to 180 kDa. (B) In vitro 

tripeptide production assays with hybrid enzymes. (C) The production of the tripeptide ACV 

was confirmed by accurate monoisotopic mass and equal retention time compared to the 

wild-type enzyme product and an ACV synthetic standard.
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The overall yield was slightly lower compared to the Nl ACVS, ranging 

between 4 and 9 milligrams of pure protein per liter of culture (Fig 6A). 

Next, the purified hybrids were subjected to in vitro product formation assays 

including the amino acid substrates required for product formation. The full 

HPLC/MS chromatograms were analyzed and filtered for the m/z values 

specific to the predicted tripeptides (S3 Fig.). Only in one case we detected 

the production of the expected compound. The hybrid PcANlCVS produced the 

ACV tripeptide, though at considerably lower levels compared to the wild-type 

Nl ACVS (Fig 6, panels B and C).

3. Discussion
Here we report on the characterization of the Nocardia lactamdurans ACV 

synthetase, heterologously expressed in E. coli HM0079 [32] and purified to 

homogeneity. The aforementioned E coli strain contains a genomic copy of 

sfp, a phosphopantheteinyl transferase, essential to activate the apo-ACVS 

to its active holo-form. An efficient purification process was developed to 

obtain highly pure enzyme. Initial enzymatic characterization was performed 

by following the production of the tripeptide ACV. With respect to the three 

ACVS modules, distinct differences in substrate affinities were noted with 

the initiating L-α-aminoadipic acid module showing the lowest affinity for its 

substrate. Previous studies on the formation of product intermediates and 

partial reactions of NRPS enzymes suggest that the initial amino acid thiolation 

reaction is a rate limiting step in the assembly of nonribosomal peptides, 

necessary for the subsequent domains to adopt their distinct conformations 

for peptide bond formation and product release [6][36]. Overall substrate 

affinities levels appear to be in line with other ACVS homologues, in particular 

prokaryotic enzymes [37]. 

We furthermore determined the substrate specificity of the ACVS modules 

within the context of the complete enzyme by assessing the production of 

predicted tripeptides (Table 1 and Fig 4). Some ACVS homologues [31,38–

2
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40] exhibit a certain degree of substrate tolerance, despite considerably 

tight control mechanisms that assure correct product formation.  With the 

N. lactamdurans ACVS, replacement of L-α-aminoadipic acid by substrate 

analogues yielded only trace amounts of Glu-CV, previously reported [38,40], 

and API-CV and OAA-CV tripeptides, while none of the other substrates tested 

were incorporated. The structures of the three analogues activated strongly 

resemble that of L-α-Aaa, thus indicating a strict specificity for module 1. 

With the second module (L-cysteine), two alternative tripeptides A-Ala-V and 

A-Leu-V were generated in substantial amounts while trace amounts of three 

other A-X-V tripeptides were found (Table 1 and Fig 4). This suggests that this 

module is more promiscuous. Finally, for the third module (L-valine), two novel 

products AC-Leu and AC-Ile were observed at the level of 0.5-1 %, while AC-

NorVal was found at levels over 13 % relative to ACV. Module 3 shows some 

tolerance towards side chain length and the distribution of methyl-groups. 

However, substrates with hydroxy- or thio-groups are not incorporated. In 

addition, in the absence of L-valine, we observed the production of a putative 

AC-Cys tripeptide up to a level of 13 %. While these results indicate that the 

individual modules can accept only certain substrates, it cannot be entirely 

excluded that some tripeptides are not synthesized because of weaker activity 

towards the alternative substrate in downstream activities, such as the 

condensation reaction.

Modules 2 and 3 of the Nl ACVS exhibit some degree of tolerance 

towards substrates that are structurally similar to the native ones, yielding 

significant levels of tripeptides. In marked contrast, module 1 accepted only 

three alternative substrates, L-Glu, DL-aminopimelic acid and 2-oxoadipic 

acid, resulting in the production of trace amounts of tripeptides. With L-Asp 

and DL-aminosuberic acid, no tripeptide could be detected. Considering the 

strong similarity of these structures with L-α-Aaa, it seems very clear that 

the length of the side chain is of crucial importance. The presence of the 

α-NH2 group appears to be crucial as well, as only trace amounts of tripeptide 

2
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were detected in the reaction with 2-oxoadipic acid, while adipic acid was not 

incorporated at all (Table 1). 

Importantly, in the structure of ACV, the peptide bond between the 

first two amino acids occurs between the δ-carboxyl group of L-α-Aaa and 

the amino group of L-Cys (Fig 1). Thus, L-α-Aaa must be adenylated on the 

side chain, in contrast with the canonical mechanism of activation of the 

C-a carboxyl group of amino acid described for other bacterial NRPSs [35]

[41]. Nonetheless, module 1 remains the most interesting target for potential 

engineering approaches, as the cysteine and valine are essential for β-lactam 

ring formation, while the aminoadipate is exchanged with other moieties in 

the (semi-) biosynthetic pathway of penicillins. Theoretically, by achieving 

activation and incorporation of alternative substrates at the first position, 

novel compounds with antibiotic activity could be generated. 

Therefore, we proceeded with engineering the specificity of the 

adenylation domain of module 1. Several strategies have been used in the past 

to engineer NRPS enzymes with the goal of producing modified compounds, 

amongst which subdomain-, domain- and full module- exchanges, active 

site modification and directed evolution [33,42–47].  Herein, we designed a 

strategy based on the Golden Gate assembly method [34] and adapted from 

the work of Kries and coworkers on the Phe-specific GrsA initiation module of 

gramicidin S synthetase [33]. Using this strategy, we successfully generated 

7 hybrid NRPS genes that could be expressed in E. coli HM0079 and purified. 

The peptide production assays and LC-MS analyses, however, revealed that 

only one of the hybrids was able to produce the expected tripeptide in an 

in vitro reaction, though at much lower levels. More specifically, the hybrid 

PcANlCVS, with the same specificity as the native Nl ACVS, but with the 

subdomain region “implanted” from its Penicillium chrysogenum homologue.

While the difference in amino acid sequence between the fungal and 

bacterial ACVS was not a limiting factor, the narrow substrate range of 

the native enzyme seems to pose a greater obstacle to the engineering 
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of functional NRPS hybrids with alternative specificities. Therefore, such 

engineering approaches could prove more successful when targeting naturally 

promiscuous enzymes. Recently it was reported that condensation domains 

also show specificity towards upstream activated substrate [48][49], and 

therefore exert an extra gate-keeping function. Thus, the chemistry of the 

ACVS reaction, the tight specificity shown by the first adenylation domain 

and its noncanonical interaction with the substrate, as well as the possibility 

of a second gate-keeping checkpoint on the condensation domain of module 

2, all present significant challenges to the engineering of a functional hybrid 

ACVS capable of producing alternative tripeptides. Additionally, until the intra-

NRPS reaction dynamics, conformational timing and structural organization 

of a multi-modular NRPS enzymatic system have been elucidated, global 

engineering efforts will remain challenging for this class of enzymes. 

4. Materials and methods
4.1. Strains, plasmids and general culturing conditions

All cloning procedures were performed using E. coli DH5α. Cultures were 

grown using LB medium at 37 oC and 200 rpm and antibiotic selection was 

conducted utilizing 25 μg/mL Zeocin. The Nocardia lactamdurans pcbAB was 

cloned using an intermediate gateway vector and was subsequently sub-

cloned into the pBAD-plasmid (pBR322 ori; araC; pBAD, ZeoR) using SbfI x 

NdeI sites and including the introduction of a 6xHis-tag on the C-terminal end. 

This construct was kindly provided by DSM Sinochem Pharmaceuticals (now 

Centrient Pharmaceuticals). The synthetic DNA fragments encoding the donor 

subdomains were designed in silico and purchased from Invitrogen (GeneArt 

Strings). In silico PCR and cloning procedures, as well as subsequent analyses 

were performed using the SnapGene® software (from GSL Biotech; available 

at snapgene.com).
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4.2. Identification of swapping partners and multi-alignment analysis

Donor NRPS were identified using the database NORINE [50]. For each of 

the substrate specificities that were selected for the engineering strategy 

(L-glutamic acid, L-aspartic acid, L-threonine, L-leucine and L-tyrosine), 

the database was searched using the function “monomer search”. The 

resulting hits were further selected based on sequence identity to the first 

adenylation domain of Nl ACVS, the size of the subdomains (determined 

according to the criteria described previously by Kries et al. [33]) and the 

identity between the putative donor subdomains and the L-α-aminoadipic 

acid-specific subdomain (S1 Fig.). All alignment analyses were performed 

using the software MEGA7 [51] and Unipro UGENE [52]. The sequences of the 

complete adenylation domains from the donor NRPS were all aligned to the 

sequences of the subdomains designed and utilized by Kries and coworkers, 

to identify conserved motifs and define subdomain boundaries (Fig 5). All the 

DNA fragments were designed in silico, with the addition of the appropriate 

restriction sites, using the SnapGene® software. The DNA fragments were 

subsequently synthesized and purchased from Invitrogen (GeneArt Strings). 

The L-Val specific subdomain from Nl ACVS M3 and the L-α-Aaa-specific 

subdomain from Pc ACVS M1 were amplified via PCR from pBAD-Nl ACVS and 

P. chrysogenum DS47274 gDNA, respectively. KAPA HiFi HotStart ReadyMix 

(Roche) was used, according to the manufacturer’s protocol.

4.3. Engineering of the first adenylation domain of Nl ACVS via a 

Golden Gate-based subdomain swap strategy

The pBAD plasmid containing the gene encoding Nl ACVS was virtually divided 

in three fragments, called A1, A2 and A3, designed in silico in such a way to 

exclude the Nl ACVS M1 native subdomain (S2 Fig.). The three fragments 

were then individually amplified via PCR using KAPA HiFi HotStart ReadyMix 

(Roche), according to the manufacturer’s protocol, and sub-cloned into 

intermediate pMAL-c5x_BsrDI free vectors (mutated in house to remove the 
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recognition site BsrDI, type IIs restriction enzyme used in the Golden Gate 

assembly). The DNA fragments encoding the selected subdomains were sub-

cloned in the same intermediate vector. The constructs were then checked via 

restriction analysis and sequencing (Macrogen Inc.). Once all the parts were 

confirmed correct, Golden Gate assembly reactions were performed to build 

the hybrid NRPSs. For this, the intermediate vectors pMAL-c5x-A1, pMAL-

c5x-A2, pMAL-c5x-A3 and pMAL-c5x-subx were mixed with a molar ratio of 

1:1:0.5:1, with a total amount of DNA ~ 500 ng. Subsequently, 1 µL of T4 DNA 

Ligase (5 U/µL), 1 µL of T4 DNA Ligase 10x buffer and 0.5 µL of BsrDI (5 U/µL) 

(Invitrogen, Thermo Fisher Scientific) were added to complete the reaction 

mixture in a total volume of 10 µL. The Golden Gate assembly reactions 

were carried out in a C1000 Thermal Cycler (Bio-Rad), with the standard 50x 

cycles-protocol [34]. The reaction mixtures were directly transformed into 

chemically-competent E. coli DH5α cells. The plasmids were subsequently 

mini-prepped and checked as described previously.

4.4. Expression and His-tag affinity purification of Nl ACVS and 

hybrid NRPSs

Cultures were grown to an OD600 of 0.6, transferred to 18 °C and 200 rpm for 

1h and subsequently induced using 0.2% L-arabinose. Harvest followed 18h 

after induction by spinning at 4000 g for 15 minutes. After resuspension in 

lysis buffer (HEPES 50 mM pH 7.0, 300 mM NaCl, 2 mM DTT, Complete EDTA 

free protease inhibitor; Roche No. 04693159001), cells were disrupted using 

sonication (6s/15s on/off; 50x; 10µm amplitude; Soniprep 150 MSE) and cell-

free lysate obtained by centrifugation at 4 °C, 17000g, 15 minutes. Purified 

enzyme was extracted by means of Ni2+ affinity purification using gravity flow. 

Wash steps were performed using two column volumes of wash buffer (HEPES 

50 mM pH 7.0, 300 mM NaCl, 20 mM imidazole) followed by a three-step 

elution using one bed volume of each elution buffer (HEPES 50 mM pH7.0, 

NaCl 300 mM, imidazole 50-150 or 250 mM). Samples were concentrated if 

22
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necessary, using Amicon U-100 spin filters (Merck). Final concentration was 

determined using A280 (NanoDrop 1000; Thermo Fisher Scientific).

4.5. In vitro product formation assay

Isolated enzymes (fraction E3) were subjected to in vitro assays, in order 

to determine product formation properties. Assay conditions initially used 

include HEPES 50 mM pH 7.0, 300 mM NaCl, 5 mM ATP pH 7.0, 100 µM CoA, 

0.2 µM phosphopantetheinyl transferase (Sfp, NEB), 5 mM L-α-aminoadipic 

acid, 2 mM L-cysteine, 2 mM L-valine (5 mM L-Val for the hybrid VCVS), 

5 mM MgCl2, 2 mM DTT and 0.17 µM ACVS, or 0.5-1 µM for the hybrids. For 

velocity and affinity determination, amino acid concentration of 0.1, 0.25, 

0.5, 1, 2 and 5 mM were used. For the hybrids’ reactions and promiscuity 

determination the concentration of the variable amino acid was set at 5mM. 

Reactions were run at 30 °C and sampling took place after 0, 10, 20, 30, 45, 

60, 120 and 240 minutes for dynamic measurements and after 0 and 240 

or 960 minutes for endpoint value determination. NaOH was added to each 

sample to a final concentration of 0.1 M to quench the reactions. Samples 

were subsequently stored at -80 °C and reduced before HPLC/MS analysis 

adding DTT to a concentration of 5 mM. 

4.6. High performance liquid chromatographic and mass-spectrometric 

analysis (HPLC/MS)

Samples (50 µL) obtained from an in vitro reaction were subjected to HPLC/MS 

analysis. Two technical replicates were run per sample at 5 µL each. Analysis 

was performed using a LC/MS Orbitrap (Thermo Scientific) in combination 

with a RP-C18 column (Shimadzu Shim pack XR-ODS 2.2; 3.0x75mm). Scan 

range was set at 80 – 1600 M/Z in positive ion (4.2kV spray, 87.5V capillary 

and 120V of tube lens) mode, with capillary temperature set at 325 °C. A 

gradient program with MilliQ water (A), Acetonitrile (B) and 2% Formic acid 

(C) was run; 0 min; A 90%, B 5%, C 5%; 4 min, A 90%, B 5%, C 5%; 13 min, 
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A 0%, B 95%, C 5%; 16 min A 0%, B 95%, C 5%; 16 min, A 90%, B 5%, 

C 5%; 21 min A 90%, B 5%, C 5% at a flow rate of 0.3 ml min-1. The Bis-

ACV standard was obtained from Bachem, reduced to (L,L,D)-ACV and used 

for quantification in a standard curve at concentrations of 0.1, 0.5, 1, 5, 10, 

50 and 100 µM. Alternative tripeptides were identified according to accurate 

monoisotopic mass, if not mentioned otherwise.
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Supporting information

S1 Fig. Selection criteria for donor subdomain templates. The donor subdomains were 

selected according to three criteria. First, we individually aligned the full donor A domains 

to the ACVS M1 A domain (L-Aaa) and determined the sequence identity (we selected those 

with identity higher than 30% for further analysis, in green). We then determined the size 

of the subdomain, using as boundaries the regions described in the methods section and 

Figure 5; those with a similar size to the wild-type subdomain were aligned with the latter, 

to determine the identity between the subdomains themselves. The ones with highest 

identity were selected and designed in silico for the assembly strategy (highlighted in dark 

green). Targets with A domains sequence identities below 30% were not further included 

in the analyses; *local misalignments that prevented the determination of the subdomains 

boundaries.
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S2 Fig. Golden gate-based subdomain swap strategy. (A) pBAD-Nl ACVS His-tag 

plasmid map (exported from Snapgene). (B) Hybrid NRPSs assembly strategy: three 

fragments (named A1, A2 and A3) were amplified via PCR from the plasmid in such a way 

to amplify the gene together with the vector and exclude the subdomain of module 1; the 

three fragments were cloned into pMAL-c5x-BsrDI free intermediate vectors (BsrDI sites 

are presents at the ends of the A1, A2 and A3 fragments for the Golden Gate assembly); 

the synthetic donor subdomains (Asubx) are also cloned into the same intermediate vector. 

A1, A2, A3 and Asubx have complementary overhangs (indicated by numbers 1-4) after 

digestion with BsrDI, allowing the Golden Gate assembly reaction.
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S3 Fig. Predicted structures of hybrid tripeptides. The structures (wild-type product 

ACV on top) were drawn using MarvinSketch (ChemAxon), and exact molecular weights 

were determined using the ‘Elemental analysis’ tool of the same software.

S1 Appendix. LC chromatograms and mass spectra of characterized tripeptides. 

The full chromatograms were filtered in accordance with the predicted m/z value of each 

tripeptide. The mass spectra of the resulting peaks were scanned for the presence of the 

expected compound.

S1 Raw Images. Unprocessed SDS-PAGE gel images. 

Material available online
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Abstract
Nonribosomal peptide synthetases (NRPS) are multi-modular enzymes that 

synthesize small peptides with a variety of interesting biological activities. 

The L-δ-(α-aminoadipoyl)-L-cysteinyl-D-valine synthetase (ACVS) is a NRPS 

that fulfills a crucial role in the synthesis of β-lactams. The enzyme has been 

previously overexpressed and characterized in terms of substrate specificity 

and product formation. The first module is highly specific and activates its 

substrate L-α-aminoadipic acid on its side chain-carboxyl group to form an 

unusual peptide bond with the amino group of L-cysteine. Here we investigated 

the interaction mechanism between the first adenylation domain of the ACVS 

from Nocardia lactamdurans and its substrate, by means of bioinformatic 

analysis and mutagenesis. Results indicate that the binding of L-α-aminoadipic 

acid occurs in a non-canonical orientation in order to promote the correct 

positioning of the substrate for the adenylation reaction.
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1. Introduction
Nonribosomal peptides (NRPs) are small natural compounds with a wide range 

of relevant biological activities such as immunosuppressants, antibiotics, 

siderophores, cytostatics as well as pigments [1]. NRPs are synthesized 

by nonribosomal peptide synthases (NRPSs), large multi-modular mega-

synthases found in bacteria and fungi. Their size can range from about 100 

kDa for one-module enzymes up to the 1,7 MDa as found for the cyclosporin 

synthase [2]. Bacterial NRP synthesis is generally performed by several 

enzymes encoded in the same genomic region, while in fungi the synthesis 

is often carried out by single NRPS [3]. NRPS can activate 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 [4][1]. 

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 determines the primary sequence of 

the product [5]. 

A minimal NRPS module consists of several domains: adenylation 

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

Initiation modules usually lack C domains, while termination modules often 

possess an extra domain, the thioesterase (Te) [6]. Adenylation domains 

recognize a specific substrate and activate it by consuming ATP, yielding 

an acyl-AMP intermediate and PPi. The conjugate is then transferred to 

the phosphopantheteine arm (Ppant) of the adjacent PCP domain via a 

transesterification reaction, with AMP being released. The Ppant is a CoA-

derived cofactor attached post-translationally by phosphopantheteinyl 

transferases, and it is crucial for the activity of NRPS [7]. The substrates/

intermediates are subsequently transported by two adjacent PCP domains 

to the catalytic site of the condensation 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 
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(donor) peptide [8]. The upstream PCP is unloaded and ready for another 

cycle. The 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 

or macrocyclization [9].

Once adenylation domains were identified as gate-keepers [10, 11], the 

next milestone in NRPS research was the discovery of the so-called “specificity-

conferring code” twenty years ago [12]. Stachelhaus and coworkers identified 

a group of ten residues—in conserved positions within adenylation domains—

that compose the binding pocket for the substrate. This “signature sequence” 

is specific to the substrate recognized and activated by the domain, making 

it possible to predict the specificity of novel adenylation domains from the 

enzyme primary structure. In amino acid-activating domains the first and 

the last of the ten residues of the signature sequence are highly invariant: 

respectively, aspartic acid, which interacts with the α-amino group of the 

substrate; and lysine, which coordinates the ATP and the α-carboxyl group 

of the substrate and ultimately catalyzes the adenylation reaction [13]. The 

remaining eight residues make up the walls and the bottom of the pocket and 

provide the interaction network specific to the corresponding substrate. 

The L-δ-(α-aminoadipoyl)-L-cysteinyl-D-valine synthetase (ACVS) is 

a trimodular NRPS that synthesize the tripeptide L-δ-(α-aminoadipoyl)-L-

cysteinyl-D-valine (ACV), the peptide precursor for the biosynthesis of penicillin 

antibiotics. Because of its function and biotechnological potential, this enzyme 

has been extensively studied and characterized [14–20]. Nonetheless, the 

lack of structural information and the challenges encountered to genetically 

modify such a large enzyme, prevented a deeper understanding of substrate 

recognition mechanisms. From the structure of ACV, it is clear that a non-

canonical peptide bond is formed between the δ-carboxyl group of L-α-

aminoadipic acid and the α-amino group of L-cysteine. Thus, L-α-aminoadipic 

acid is activated on the δ-carboxyl group in a non-canonical adenylation 
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reaction (Figure 1).

In this work, we combine bioinformatic tools and molecular biology 

approaches to investigate the interaction mechanism between the first 

adenylation domain of the ACVS from Nocardia lactamdurans (Nl) and its 

substrate L-α-aminoadipic acid. Our findings support an alternative mode of 

interaction consistent with non-canonical binding of L-α-aminoadipic acid in 

the binding pocket.

Figure 1. Schematic representation of ACVS M1 reaction mechanism. The adenylation 

domain recruits the substrate L-α-aminoadipic acid and performs the adenylation reaction 

using ATP and Mg2+ (1). Inorganic pyrophosphate is released in the process. In contrast 

to other amino acid-activating adenylation domains [11, 12, 31], the reaction occurs on the 

side-chain (δ) carboxyl group. The substrate is now activated as aminoacyl-AMP, then loaded 

onto the T (PCP) domain-bound ppant arm, via a thioesterification reaction (2), while AMP is 

released as by-product. The intermediate is now ready to be transported to the downstream 

condensation domain.

3



94

2. Results
2.1. Identification of the binding pocket residues and multi-

alignment analysis

To investigate the interaction between L-α-aminoadipic acid and the binding 

pocket of the first adenylation domain of the ACV synthetase from Nocardia 

lactamdurans, we first determined its signature sequence [12] inferring the 

putative binding pocket residues from the primary sequence (Figure 2A). 

We then performed a multi-alignment analysis between the first adenylation 

domains of ACVS from various organisms (Table 1) and generated a consensus 

signature sequence logo [21] (Figure 2B). Despite an overall limited sequence 

identity, the signature sequences are mostly identical and the chemistry of 

the other residues in the region—including the so-called structural anchor 

motifs—is highly conserved.

The first striking difference between the first adenylation domain of the 

ACVS and other amino acid-activating domains is the presence of a glutamic 

acid, E457, at the first position of the signature sequence, as opposed to the 

highly conserved aspartic acid [12]. The lysine at the last position is invariant 

in all adenylating enzymes, as it functions as a catalytic residue. In the other

3
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Table 1. ACV synthetases included in the multi-alignment analysis.
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eight positions several aliphatic amino acids are observed, very similar 

between the ACVS homologs, as well as three highly conserved polar amino 

acids: R461, N500 (H500 in one case) and E546. In a model of the binding 

pocket adapted from previous studies [11, 12], these three amino acids are 

positioned at the bottom of the pocket, in the region where the α-amino and 

carboxyl groups of the substrate are expected to bind (Figure 2C).

2.2. Modeling of the A-PCP unit of the first module of Nl ACVS suggests 

a conserved geometry of the binding pocket region

To further inspect the geometry and chemistry of the binding pocket, we 

proceeded to build a structural model of the first module of Nl ACVS. We first 

investigated the degree of structural organization of the protein, using the 

software DynaMine [22, 23] to predict the backbone dynamics. The results 

are shown in Figure 3. Most of the residues are predicted to be in a rigid 

conformation, which indeed reflects the presence of compact regions, the A 

and PCP domains. As expected, these domains are connected through short 

flexible linkers. 

Figure 3. Backbone dynamics prediction of Nl ACVS M1 A-PCP. The individual 

domains can be observed as compact regions connected via short and flexible linkers. Most 

residues are predicted in rigid conformation, suggesting a compact and ordered structural 

organization of the A-PCP unit.

3
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Given the high degree of structural organization we chose the tool 

i-TASSER [24–26] to generate a model of Nl ACVS M1. i-TASSER employs 

fold recognition algorithms, which are ideal for structured proteins. Several 

models were generated by i-TASSER based on a database of NRPS-related 

fold templates. The model with the highest C-score (see methods section for 

further details) is displayed in Figure 4. Both the A and PCP domains show 

a canonical architecture, with the PCP domain positioned right on top of the 

Acore (N-terminal) subdomain. The substrate binding pocket resides in the Acore 

subdomain as well, close to an opening which allows the diffusion of ATP and 

the translational movement of the catalytic lysine—positioned on a loop in 

the Asub (C-terminal) subdomain—which are necessary for the adenylation 

reaction (Fig. 4A). 

97

Figure 4. Modeling of Nl ACVS M1 A-PCP. (A) The 3D structural model built via fold 

recognition algorithm shows a canonical domain organization, with the Acore subdomain 

acting as a platform, whereas Asub and PCP can freely move over the top, thanks to the 

short flexible linkers. The binding pocket is located at the center of Acore, while the catalytic 

lysine protrudes from a loop in Asub. (B) Side and top views of binding pocket residues show 

a canonical architecture, as represented in Figure 2. In the model, the center of the pocket 

is occupied by the side chain of Y554, in the absence of the substrate.

3
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Taking a closer look at the binding pocket residues (Fig. 4B), the 

residues appear organized in a canonical way as well. E457 lies at the top of 

the pocket, R461, N500, L521 and E546 are positioned at the bottom, and 

the other residues (aliphatic/aromatic) complete the “walls” of the pocket, 

as predicted in the 2D model shown in Fig. 2. In the model, the side chain of 

F554 protrudes towards the centre of the pocket, occupying a large portion 

thereof, likely because of the absence of the substrate.

 

2.3. Mutagenesis of the binding pocket residues reveals a noncanonical 

interaction between the first adenylation domain of ACV synthetase 

and L-α-aminoadipic acid

To explore their potential role in substrate recognition and activation, the three 

polar residues R461, N500 and E546 were mutated. E457 and K752 (the two 

invariant positions in amino acids-activating adenylation domains), were also 

included in the mutagenesis experiment. For site-directed mutagenesis, two 

different approaches were used (see methods section) to achieve nucleotide 

substitutions at the desired position. Given the large size of the ACVS gene 

(11 kbp), the mutations were first introduced on intermediate vectors, which 

were subsequently re-assembled using the Golden Gate method [27], as 

previously described [20]. The ACVS and the mutants were overexpressed in 

E. coli HM0079 and purified via Ni2+-affinity chromatography. The yield was 

comparable in all cases, with overexpression levels similar to the wild-type 

enzyme (Fig. 5A).

The purified Nl ACVS wild-type and mutants (concentrated where 

necessary to wild-type levels) were subjected to in vitro peptide formation 

assays, as described in the method section. Endpoint reactions were analyzed 

via HPLC/MS for the presence of ACV. Results are summarized in Figure 

5B. The mutant E457A showed only a moderate loss of activity (~10-fold). 

However, the E457D mutant produces trace amounts of ACV, while E457Q was 

completely inactive. All mutations of N500 caused a small activity loss (≤10-
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fold). R461 mutants were completely inactive, consistent with a role of this 

residue in catalysis. In the case of E456A, only trace amounts of ACV were 

observed. Interestingly, E546D was also inactive while significant activity was 

detected for E546Q. ACV synthesis activity in K752E and K752R mutants was 

completely abolished, while K752A is still active, albeit significantly impaired 

(~400-fold loss in activity).

3

Figure 5. Purification and activity profile of Nl ACVS mutants. (A) SDS-PAGE analysis 

of the purified fractions E1 and E2 (50 mM and 150 mM imidazole) of ACVS mutants. Only 

R461 mutants are shown. Marker lane shows reference protein corresponding to 180 kDa. 

(B) In vitro tripeptide production assays. Activity is reported relative to wild-type enzyme, 

results shown derive from a single experiment. Note the logarithmic scale.
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3. Discussion
In this work, we investigated the interaction mechanism between the first 

adenylation domain of the ACV synthetase from Nocardia lactamdurans and its 

cognate substrate L-α-aminoadipic acid. The first module of ACV synthetases 

is highly specific [14, 15, 20, 28, 29] and performs a unique reaction in the 

context of NRP synthesis. That is, it recruits a nonstandard amino acid, L-α-

aminoadipic acid, and activates its side chain δ-carboxyl group. This results in 

the formation of a noncanonical peptide bond with the α-amino group of the 

downstream substrate, L-cysteine. 

Multi-alignment analysis showed that the putative binding pocket 

residues are highly conserved across ACVSs from different organisms of 

origins. The same is true for the structural motifs surrounding the binding 

pocket, the so-called structural anchors [11, 12]. Those motifs provide the 

scaffolding that essentially shapes the pocket, while the binding pocket 

residues provide the chemical features necessary for substrate interaction. It 

is very likely that the strict and unique reaction of the activation of L-α-Aaa 

requires such conserved features like those that we observed. Unfortunately, 

up to date no crystal structures of ACV synthetases are available and the 

exact substrate recognition mechanism remains elusive.

Thus, we generated a structural model of Nl ACVS M1 A-PCP using 

a fold-recognition software, i-TASSER [24, 26, 30]. The advantage of such 

an approach is that this software does not use a specific template protein 

which could cause biased results in terms of side chain positioning, but rather 

a database of known domain folds. The model that we obtained showed a 

canonical organization of the two domains. Interestingly, when examining the 

active site region, the binding pocket scaffolding also appeared to be organized 

in a canonical manner [12]. One of the downsides of such modelling approach 

is a limited accuracy of the positioning of the side chains, especially in the 

absence of the substrate in the pocket. Indeed, the center of the pocket was 

occupied by the large side chain of Y554, where otherwise the L-α-aminoadipic 
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acid is expected to be positioned. Despite that, the combined observations 

from multi-alignment analysis and the modelling experiment allowed us to 

pinpoint three residues at the bottom of the pocket potentially involved in 

stabilizing the interaction with the substrate: R461, N500, E546. All of them 

possess polar side chain groups that could interact with the backbone of L-α-

aminoadipic acid (namely its α-amino and α-carboxyl group).

We therefore proceeded to engineer several mutants of ACVS in which 

we replaced the aforementioned amino acids via site-directed mutagenesis. 

We also included the so-called invariant residues E457 and K752 in the 

mutagenesis experiment. Important to note is that in ACVS enzymes the 

first invariant residue is a glutamic acid, whereas other amino acid-activating 

enzymes all possess an aspartic acid in the same position, which always 

binds the α-amino group of the substrate. When we substituted E457 with 

an alanine, we observed an activity loss but still significant residual activity, 

about 10% of the wild-type enzyme. This indicates that the residue does not 

interact specifically with L-α-aminoadipic acid during binding and activation, in 

contrast to the reported critical function of the aspartic acid in other adenylation 

domains [11, 12, 31]. Mutating the residue to aspartic acid or glutamine 

greatly impaired or abolished the activity, respectively. This suggests that the 

residue still plays an important role, perhaps in maintaining the architecture 

of the pocket. With all R461 mutants we observed a complete loss of activity, 

indicating that the arginine is essential. Mutants of N500 showed residual 

activity at levels between 5 and 30%, thus excluding an important function 

of this residue in substrate recognition and activation. The E546A mutant was 

able to produce only trace amounts of ACV, whereas E546D was completely 

inactive. Interestingly, the E546Q mutant retained significant activity, about 

3% compared to the wild-type enzyme. These observations could be explained 

by an importance of the length of the side chain for substrate interaction, as 

well as its chemistry. In particular, if the residue interacts with the substrate 

amino acid through hydrogen bonding, shortening the side chain or replacing 
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the polar group for a methyl group will result in a disrupted interaction.

The results from the mutagenesis experiment prompted the hypothesis 

of what we refer to as a non-canonical interaction model for L-α-aminoadipic 

acid and the binding pocket of Nl ACVS AL-α-Aaa (Figure 6). In this model, the 

substrate is positioned within the cavity with its core α-amino and α-carboxyl 

groups sitting at the bottom and the side chain δ-carboxyl group protruding 

out at the top. Here, the role of R461 and E546 is important in that they likely 

stabilize the interaction forming H-bonds with the α- groups. The δ-carboxyl 

group is positioned far enough in the opening where the ATP will diffuse, 

where both will be accessible to the catalytic K752. Given that these residues 

are invariant in other ACVS enzymes, the substrate interaction and activation 

mechanisms likely work similarly across all members of this family.

Further efforts in investigating the structure of ACVS, and in particular 

of the first (L-α-aminoadipic acid-specific) adenylation domain, will be 

instrumental in confirming these results. Nevertheless, our study provides 

an important first glance into this mechanism, serving as a potential starting 

point for the development of targeted engineering efforts aimed at achieving 

the activation of alternative substrates.

3
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Figure 6. Proposed interaction model 

of ACVS M1 AL-α-aaa binding pocket. 

The substrate core sits at the bottom 

of the pocket, where its α-amino group 

and α-carboxyl group interact with E546 

and R461, respectively, via hydrogen 

bonds. The side chain protrudes towards 

the pocket opening at the top, where it 

is accessible to the catalytic K752 and 

the ATP for the adenylation reaction. 

E457 probably does not interact with the 

substrate in the process.
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4. Materials and methods
4.1. Strains, plasmids, general culturing conditions

All cloning procedures were performed using E. coli DH10β. Cultures were 

grown using LB medium at 37 °C and 200 rpm and antibiotic selection was 

conducted utilizing 25 μg/mL zeocin. For overexpression experiments, E. coli 

HM0079 [32] was used. The Nocardia lactamdurans pcbAB was cloned using 

an intermediate gateway vector and was subsequently sub-cloned into the 

pBAD-plasmid (pBR322 ori; araC; pBAD, ZeoR) using SbfI x NdeI sites and 

including the introduction of a 6xHis-tag on the C-terminal end. This construct 

was kindly provided by DSM Sinochem Pharmaceuticals (now Centrient 

Pharmaceuticals). Mutagenetic primers were purchased from Sigma-Aldrich 

(now MilliporeSigma). In silico PCR and cloning procedures, as well as 

subsequent analyses were performed using the SnapGene® software (from 

GSL Biotech; available at snapgene.com).

4.2. Sequence and multi-alignment analyses

The sequences of the ACV synthetases were acquired from the database 

UniprotKB [33] (see table 1 for details). Sequence and multi-alignment 

analyses were performed using the software MEGA (version 7.0 and MEGA X) 

[34, 35]. For the multi-alignment, the MUSCLE algorithm was utilized, with 

the parameters set as follows. Gap penalties: gap open -2.90; gap extend 

0.00; hydrophobicity multiplier 1.20. Memory/iterations: max memory in MB 

2048; max iterations: 16. Advanced options: cluster method (iterations 1,2) 

UPGMA; cluster method (other iterations) UPGMA; min diag length (lambda) 

24.

To generate the signature sequence logo, the individual signature 

sequences were extracted via manual inspection from the ACV synthetase 

homologs (table 1) primary sequence. Subsequently, they were submitted 

to the online tool WebLogo (available at weblogo.berkeley.edu) [36] for 

automatic sequence logo generation.
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4.3. Backbone dynamics prediction and modelling of Nl ACVS M1

Backbone dynamics prediction—to predict the degree of structural organization 

of the protein—was performed using the web-based software Dynamine [22, 

23].

Structural models of Nl ACVS M1 A-PCP were obtained using the 

webserver i-TASSER (Iterative Threading ASSEmbly Refinement), a fold 

recognition-based protein modelling tool [24, 26]. The highest-ranking model 

was selected based on its C-score. The C-score (range -5,2) is a confidence 

score that estimates the quality of the predictions, higher is better. For 

graphical visualization and imaging the software UCSF Chimera was employed 

[39]. To generate the interaction model, the manual structure editing tool of 

UCSF Chimera was utilized.

4.4. Site-directed mutagenesis of Nl ACVS M1 binding pocket residues

Site-directed mutagenesis was performed using two different methods. For 

mutants of E457, R461, N500 and E546 the Q5® Site-Directed Mutagenesis 

Kit (New England Biolabs, Ipswich, MA) was used. Primer pairs were 

designed tail to tail, with the forward primer carrying the desired mutation. 

PCR, template digestion and cloning procedures were carried out according 

to manufacturer’s protocol (available at international.neb.com). For K752 

mutants, a custom protocol was developed. Primers were designed with a 16 

bp overlap between each other, both carrying the desired mutation. For the 

PCR reaction, the KAPA HiFi HotStart ReadyMix PCR Kit was utilized. Reaction 

mixture and thermocycling protocol were set up according to manufacturer’s 

protocol. An extra annealing step (58°C, 1 min) was introduced before the 

last extension step, to facilitate the final annealing of the amplicons. The 

PCR reaction mixture was then digested with FastDigest DpnI (Thermo Fisher 

Scientific) at 37°C, 45-60 minutes, to allow complete removal of the wild-type 

template. Heat inactivation followed (80 °C, 20 min), prior to cloning.

Mutated constructs were cloned into chemically-competent E. coli cells, 
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miniprepped and checked directly via sequencing (Macrogen Europe B.V., 

Amsterdam, Netherlands) to confirm the correct genotype. After that, the 

constructs were used to re-assemble the corresponding mutants of Nl ACVS 

via a Golden Gate method previously developed [20], described in Chapter I.

4.5. Overexpression & purification of wild-type and mutants Nl ACVS

For overexpression and purification, the constructs were cloned into the 

expression strain E. coli HM0079. The transformants were inoculated 

overnight in 3 mL selective LB medium. The cultures were then diluted 1:100 

into fresh 2xPY medium (10 g/L NaCl, 10 g/L yeast extract, 16 g/L Bacto™ 

tryptone), grown to an OD600 of 0.6, transferred to 18 °C and 200 rpm 

for 1h and subsequently induced using 0.2% L-arabinose. After 18 hours, 

the cells were harvested by centrifugation at 4000 g for 15 minutes. After 

resuspension in lysis buffer (HEPES 50 mM pH 7.0, 300 mM NaCl, 2 mM DTT, 

Complete EDTA free protease inhibitor 1 cp/10mL; Roche No. 04693159001), 

cells were disrupted using sonication (6s/15s on/off; 50x; 10µm amplitude; 

Soniprep 150 MSE) and cell-free lysate was obtained by centrifugation at 

4 °C, 17000g, 15 minutes. Purified enzymes were extracted by means of Ni2+ 

affinity purification (1 mL slurry—500 µL resin—per 1 liter of culture) using 

disposable gravity flow columns (Bio-Rad). Two wash steps were performed 

using ten column bed volumes each of wash buffer (HEPES 50 mM pH 7.0, 

300 mM NaCl, 20 mM imidazole) followed by a three-fraction elution using 

four bed volumes of each elution buffer (HEPES 50 mM pH 7.0, NaCl 300 mM, 

imidazole 50-150 or 250 mM). Fractions were then analyzed on SDS-PAGE 

5% mini-gels and imaged. 2D densitometry analyses (AIDA Image Analysis 

software, Elysia-raytest) followed to determine the relative concentration of 

ACVS mutants. Where necessary, purified E2 fractions were concentrated 

using Amicon U-100 spin filters (Merck). Final concentration for wild-type 

ACVS was determined using A280 (NanoDrop 1000; Thermo Fisher Scientific).
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Table 2. PCR primers used for site-directed mutagenesis. Codons bearing the desired 

mutations are shown in bold and underlined. For K752 primers, overlapping regions are 

shown in italic.
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4.6. In vitro peptide formation assays 

Wild-type and ACVS mutants were subjected to in vitro peptide synthesis 

assays, in order to determine their activity in terms of product formation. 

Reaction mixture was set up as follows: HEPES 50 mM pH 7.0, 300 mM 

NaCl, 5 mM ATP pH 7.0, 5 mM L-α-aminoadipic acid, 2 mM L-cysteine, 2 mM 

L-valine, 5 mM MgCl2, 2 mM DTT and ~0.25 µM ACVS. The total volume was 

set at 200 µL. Reactions were run at 30 °C and sampling took place at 0 (T0) 

and 300 (T5h) minutes for endpoint value determination. NaOH was added 

to each sample to a final concentration of 0.1 M to quench the reactions. 

Samples were subsequently stored at -80 °C. Prior to HPLC/MS analysis, the 

samples were thawed in ice, reduced adding DTT to a final concentration of 

10 mM, and filtered.

4.7. High performance liquid chromatographic and mass-spectrometric 

analysis (HPLC/MS)

Samples (50 µL) obtained from the in vitro reactions were subjected to HPLC/

MS analysis, with an injection volume of 5 µL each. Analysis was performed 

using a HPLC/MS Orbitrap (Thermo Fisher Scientific) in combination with a 

Reverse Phase-C18 column (ACQUITY UPLC BEH C18, 130Å, 1.7 µm, 2.1 mm 

X 150 mm). Scan range was set at 100 – 2000 m/z in positive ion mode (ion 

optics voltages: 4.1 kV spray, 24.4 V capillary and 73.7 V tube lens), with 

capillary temperature set at 325 °C. A 24-minutes gradient program with 

Milli-Q water (A), acetonitrile (B) and 2% formic acid (C) was utilized: 0 min, 

A 90%, B 5%, C 5%; 4 min, A 90%, B 5%, C 5%; 13 min, A 0%, B 95%, C 

5%; 16 min A 0%, B 95%, C 5%; 16.01 min, A 90%, B 5%, C 5%; 24 min A 

90%, B 5%, C 5% at a flow rate of 0.150 mL/min. The Bis-ACV standard was 

obtained from Bachem (Bubendorf, Switzerland), reduced to (L,L,D)-ACV and 

used for peak and retention time identification. 
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Abstract
The L-δ-(α-aminoadipoyl)-L-cysteinyl-D-valine synthetase (ACVS) is a 

trimodular nonribosomal peptide synthetase (NRPS) that provides the peptide 

precursor for the synthesis of β-lactams. The enzyme has been extensively 

characterized in terms of tripeptide formation and substrate specificity. The 

first module is highly specific and is the only NRPS unit known to recruit and 

activate the substrate L-α-aminoadipic acid, which is coupled to the α-amino 

group of L-cysteine through an unusual peptide bond, involving its δ-carboxyl 

group. Here we carried out an in-depth investigation on the architecture of 

the first module of the ACVS enzymes from the fungus Penicillium rubens 

and the bacterium Nocardia lactamdurans. Bioinformatic analyses revealed 

the presence of a previously unidentified domain at the N-terminus which is 

structurally related to condensation domains, but smaller in size. Deletion 

variants of both enzymes were generated to investigate the potential impact 

on penicillin biosynthesis in vivo and in vitro. The data indicates that the 

N-terminal domain is important for catalysis.

Keywords: nonribosomal peptide synthetases; penicillin biosynthesis; 

antibiotics; Penicillium rubens; Nocardia lactamdurans
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1. Introduction
The discovery of penicillin has been a crucial turning point in human history, 

completely revolutionizing the treatment of bacterial infections. Since then, 

many more classes of compounds have been identified or synthesized, but 

penicillin and its (semi-) synthetic derivatives are still amongst the most 

common antibiotics used worldwide.

The biosynthetic pathway of penicillin (and other β-lactam antibiotics 

such as cephalosporins and cephamycins) has been extensively characterized 

in the past decades, resulting in a detailed knowledge on the key enzymes 

involved and the mechanistic aspects of its biosynthesis [1,2,11,3–10]. 

Two distinct enzymatic steps are involved in the production of the β-lactam 

ring. First, the L-δ-(α-aminoadipoyl)-L-cysteinyl-D-valine synthetase (ACVS) 

provides the linear tripeptide (L,L,D)-ACV, precursor of all β-lactam antibiotics.  

The second step requires the enzyme isopenicillin N synthase (IPNS, formerly 

also ACV cyclase), which catalyzes the formation of the β-lactam ring. The 

first enzyme of the pathway, ACVS, belongs to the family of nonribosomal 

peptide synthetases (NRPS), multimodular enzymes that synthesize small 

peptides (NRP) by a mechanism which does not require messenger RNA, 

unlike ribosomal protein synthesis [12,13]. 

NRP synthesis generally starts in every module at the adenylation (A) 

domain, which recognizes a specific substrate and catalyzes its activation 

as (amino) acyl-AMP. In this process, ATP is consumed and inorganic 

pyrophosphate (PPi) is released. The activated substrate is then transferred 

via a thioesterification reaction to the thiolation (T)—or peptide carrier 

protein (PCP)—domain by means of the phosphopantetheine (ppant) arm, 

with AMP being released. The ppant is a CoA (Coenzyme A)-derived cofactor, 

covalently attached to a highly conserved residue of serine of the T domain. 

The loaded substrates are subsequently transported to the active site of the 

condensation (C) domain (or alternatively a cyclization domain, Cy). Here, 

peptide formation occurs via nucleophilic attack of the α-amino group of 
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the downstream substrate to the activated carboxy group of the upstream 

substrate. As a result, the latter is released from the ppant moiety, and the 

newly synthesized intermediate is now ready to be transported to the next 

condensation domain [12–18]. 

A, PCP and C/Cy domains are strictly required for NRP synthesis, and 

therefore a minimal module contains all three of them (initiation modules can 

lack a C domain as they represent the starter units of NRPS). In addition, 

optional or modifying domains can be present in one or more modules, such 

as methyltransferase [19], epimerization [20], formylation [21] and oxidase 

[22] domains. These domains contribute to further increase the chemical 

diversity of NRPs, and often can provide advantageous characteristics such 

as increased chemical stability or resistance against peptidase. Lastly, when 

the synthesis is completed, the peptide can be released via the activity of a 

thioesterase (Te) domain, either by macrocyclization or hydrolysis, resulting 

in a cyclic or a linear NRP, respectively [23–26].

Because of the relevance of the β-lactam biosynthetic pathway and the 

extensive research covering it, the ACVS soon became a model to investigate 

nonribosomal peptide biosynthesis. The protein has been studied in filamentous 

fungi such as Penicillium, Aspergillus and Cephalosporium as well as bacterial 

Nocardia and Streptomyces species, both in vivo and in vitro [27–35]. Despite 

the lack of 3D structures, it is well known that the ACVS is a trimodular 

NRPS with a reported canonical domain arrangement: AT1-CAT2-CATETe3. 

Each module is responsible for the activation and incorporation of its specific 

substrate into the final product. The three substrates L-α-aminoadipic acid 

(L-α-Aaa), L-cysteine and L-valine (epimerized to D-valine by the E domain) 

are assembled in a colinear fashion, thus the position of the incorporated 

substrate corresponds to the position of the respective module within the NRPS 

sequence. Interestingly, the adenylation domain of the first module of ACVS 

is the only NRPS domain that is known to activate and utilize L-α-aminoadipic 

acid as substrate [36]. In addition, L-α-Aaa is adenylated on the δ-carboxyl 
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group, resulting in a non-canonical peptide bond formation between L-α-Aaa 

and L-Cys [35], suggesting a substrate recognition mechanism different from 

that of canonical amino acid-activating adenylation domains [37–39]. 

In this work we set out to further investigate the architecture of the first 

module of the ACVS from the fungus Penicillium rubens and the soil bacterium 

Nocardia lactamdurans (also known as Amycolatopsis lactamdurans). Through 

bioinformatic analyses, we observed the presence of a previously unidentified 

domain related to the condensation domain family, in the N-terminal region of 

the enzyme. The domain appears structurally conserved and shows the typical 

fold of C domains, despite being approximately half the size. We therefore 

proceeded to generate variants of both ACVS enzymes that lack this domain, 

in order to investigate the potential impact on ACV biosynthesis, and thus on 

the whole β-lactam biosynthetic pathway.

2. Materials and methods
2.1. Strains, plasmids and general culturing conditions

All cloning procedures in E. coli were performed using the strain DH10β for 

high transformation efficiencies. Cultures were grown using LB medium at 

37 °C and 200 rpm and antibiotic selection was conducted utilizing 25 μg/mL 

Zeocin (phleomycin D1). The Nocardia lactamdurans pcbAB gene was cloned 

using an intermediate gateway vector and subsequently sub-cloned into a 

custom-made pBAD-plasmid (pBR322 ori; araC; pBAD, ZeoR) using SbfI x 

NdeI sites, and including the introduction of a 6xHis-tag on the C-terminal 

end. This construct was kindly provided by DSM Sinochem Pharmaceuticals 

(now Centrient Pharmaceuticals), the Netherlands.

Penicillium rubens DS68530 (∆penicillin biosynthetic cluster, ∆hdfA, 

derived from DS17690) [40,41] and DS54468 (1× penicillin biosynthetic 

cluster, ∆hdfB, derived from DS47274) [42] strains were kindly provided 

by DSM Sinochem Pharmaceuticals. For storage purposes, control and 

transformant strains were grown on complex medium for 5-7 days, after 
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which the mycelium was collected and stored on rice grains [43]. For liquid 

culturing, fungal strains were grown in YGG and PPM (penicillin production 

medium), prepared as described previously [44].

Synthetic DNA was purchased from Invitrogen (GeneArt Strings). PCR 

primers and sequencing primers, as well as chemicals used for the preparation 

of stock solutions and media, were purchased from Sigma-Aldrich (now 

MilliporeSigma). PCR reactions were carried out using KAPA HiFi HotStart 

ReadyMix (Roche), according to manufacturer’s instructions. In silico PCR and 

cloning procedures, as well as subsequent analyses, were performed using 

the SnapGene® software (from GSL Biotech; available at snapgene.com).

2.2. Bioinformatic analysis

The sequences of Nl ACVS and Pr ACVS were acquired from the database Uniprot 

[45], with the respective accession numbers being P27743 and P26046. For 

domain prediction analyses the web software BLASTP (version 2.10.1+) was 

used. The search parameters were set as follows: database=“non redundant 

protein sequences (nr)”; search algorithm=“blastp (protein-protein BLAST)”; 

low complexity filter=no; Composition Based Adjustment=yes; E-value 

threshold=0.01; maximum number of hits=500. The results were visualized 

using the graphical interface of BLAST (conserved domains on). Backbone 

dynamics prediction—to identify folded and unfolded regions—was performed 

using the web-based software Dynamine [46,47].

Structural models of Nl ACVS M1 and Pr ACVS M1 were obtained using 

the webserver i-TASSER (Iterative Threading ASSEmbly Refinement), a fold 

recognition-based protein modelling tool [48–50]. The highest-ranking model 

was selected for each of the targets based on their C-score. The C-score 

(range -5,2) is a confidence score that estimates the quality of the predictions, 

higher is better. The models were then visualized using the software UCSF 

Chimera [51] for imaging. Structural alignments were generated using the 

MatchMaker suite of UCSF Chimera, with the following parameters: chain 
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pairing=best aligning pair of chains; alignment algorithm=Needleman-

Wunsch; Matrix=BLOSUM-62; gap opening penalty=12; gap extension 

penalty=1. Ultimately, multiple sequence alignment analyses and identification 

of the core sequence motifs C1-C7 were achieved using the software Clustal 

Omega [52].

2.3. CRISPR/Cas9-mediated deletion of C* domain in P. rubens ACVS

The plasmid pLM-AMA15.0 (AddGene ID #138944) was constructed using 

Modular Cloning [53] and Gibson Assembly [54], as described previously 

[55]. The sequence encoding SpCas9-NLS (nuclear localization sequence) 

was amplified from pYTK036 (yeast MoClo toolkit, AddGene ID # 65143). 

The gene was placed under control of the p40S promoter (AN0465, 40S 

ribosomal protein S8 promoter), amplified from pVE2_10_p40S_QfDBD_

VP16AD_cp_penDE_DsRed_0xQUAS (AddGene ID # 154228) [56]. For the 

sgRNA transcription unit, the hammerhead (HH) and hepatitis delta virus 

(HDV) ribozyme sequences (self-cleavage), gpdA (AN8041) promoter and 

trpC terminator were amplified from pFC334 (AddGene ID # 87846) [57]. 

The terbinafine resistance gene, ergA, was amplified from pCP1_45 [58]. The 

fungal AMA1-based vector (bleR, phleoymicyn resistance) was repurposed 

from vector pDSM-JAK-109 [59]. The resulting vector delivers expression of 

both the Cas9 protein and the sgRNA (Figure 3). The DNA insert encoding the 

sgRNA unit targeting C* PrACVS was generated via PCR using two primers 

with overlapping regions (Table A1). A Golden Gate assembly reaction was 

performed to replace the lacZ gene of pLM-AMA15.0 with the aforementioned 

insert, and cloned into DH10β E. coli competent cells. Positive transformants 

were identified using blue-white screening and were confirmed by sequencing 

(Macrogen Europe B.V.). Marker-free donor DNA for the deletion of C* was 

generated by PCR using primers with 106bp homology towards pACVS (5’ of 

ATG codon) and ACVS ORF downstream of C*ACVS (Figure 3B, 4C, Table A1). 

Protoplasts of P. rubens DS54468 were obtained as described previously [60]. 
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For the transformation, 25 μg of marker-free donor DNA were mixed together 

with 1 μg pLM-AMA15.x CRISPR/Cas9 plasmid targeting C*ACVS (Figure 

3B). Fungal selection was carried out on solid medium plates supplemented 

with 1.1 μg/ml terbinafine hydrochloride (MilliporeSigma). The genotype of 

positive transformants was confirmed by colony PCR using Phire Green Hot 

Start II PCR Master Mix (Thermo Fisher Scientific) and sequencing (Macrogen 

Europe B.V.). For storage and further analysis, the strains were purified by 

performing two rounds of sporulation on terbinafine selection medium.

 

2.4. Antibacterial plate assays

Agar plate-based antibacterial assays were set up as follows: an overlay of 

soft LA-agar (1%) inoculated with Micrococcus luteus (sensitive to β-lactams) 

to an OD600 of 0.125 was poured on top of a pre-solidified agar (1%) bottom 

layer. Prior to that, Oxford Towers (8x10 mm) were spaced out evenly on 

top of the bottom agar layer to generate 4 wells in the top layer. The Oxford 

Towers were then removed aseptically and the wells were inoculated with 10 

µL of supernatant samples. The plates were then incubated at 30°C for 24 

hours. For imaging, a LAS-4000 system (Fujifilm Life Science) was utilized.

2.5. Liquid culturing of P. rubens and sampling

For penicillin production, spores (immobilized on 25 rice grains) of both 

control and transformant strains were inoculated in 25 mL YGG medium and 

grown for 24 h in shake flasks (25°C, 200 rpm). The cultures were then 

diluted 8 times into 25 mL penicillin production medium (PPM) containing 2.5 

g/L phenoxyacetic acid (POA), and grown in the same conditions for 5 days. 

Supernatant samples for HPLC/MS analysis were taken and filtered using 0.45 

µm syringe filters. The samples were subsequently stored at -20°C or -80°C 

for short-term and long-term storage, respectively, prior to HPLC/MS analysis. 

The experiment was performed in triplicate.
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2.6. Engineering the C* deletion variant of the N. lactamdurans ACVS

The deletion variant of Nl ACVS was obtained via a two-step cloning strategy. 

Firstly, we amplified the deletion insert from a Golden Gate (GG) intermediate 

vector bearing the pBAD promoter region and a fragment of the pcbAB gene. 

The forward primer was designed to bind just outside of the 3’ end of the C* 

domain (AA position 237). On the 5’ tail, homologous sequence to the RBS 

(ribosome-binding sequence) of the promoter and an appropriate restriction 

enzyme site were added. The reverse primer only contained homologous 

sequence and an appropriate restriction site (Table A1).

 The deletion insert was then subcloned into the same template 

intermediate vector, resulting into a Golden Gate-ready vector now lacking 

the C* domain (AA positions 2-236). The product was checked by restriction 

analysis and sequencing (Macrogen Europe B.V.). Lastly, the pBAD-Nl ΔC*-

ACVS plasmid was assembled using the Golden Gate assembly reaction [61] 

as described previously [35] and cloned into DH10β chemically-competent E. 

coli cells for storage.

2.7. Overexpression and purification of Nl ACVS and Nl ΔC*-ACVS

For overexpression and purification, the plasmids were cloned into the 

expression strain E. coli HM0079 [62]. The strains carrying both the wild-

type and the deletion variant were inoculated overnight in 3 mL selective LB. 

The cultures were then diluted 1:100 into fresh 2xPY medium (10 g/L NaCl, 

10 g/L yeast extract, 16 g/L Bacto™ tryptone), grown to an OD600 of 0.6, 

transferred to 18 °C and 200 rpm for 1h and subsequently induced using 

0.2% L-arabinose. After 18 hours, the cells were harvested by centrifugation 

at 4000 g for 15 minutes. After resuspension in lysis buffer (HEPES 50 mM 

pH 7.0, 300 mM NaCl, 2 mM DTT, Complete EDTA free protease inhibitor 1 

cp/10mL; Roche No. 04693159001), cells were disrupted using sonication 

(6s/15s on/off; 50x; 10µm amplitude; Soniprep 150 MSE) and cell-free lysate 

was obtained by centrifugation at 4 °C, 17000g, 15 minutes. Purified enzymes 
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were extracted by means of Ni2+ affinity purification (1 mL slurry—500 µL 

resin—per 1 L of culture) using disposable gravity flow columns. Wash steps 

were performed using ten column bed volumes each of wash buffer (HEPES 

50 mM pH 7.0, 300 mM NaCl, 20 mM imidazole) followed by a three-step 

elution using four bed volumes of each elution buffer (HEPES 50 mM pH 7.0, 

NaCl 300 mM, imidazole 50-150 or 250 mM). Fractions were then analyzed on 

SDS-PAGE 5% mini-gels and imaged. 2D densitometry analyses (AIDA Image 

Analysis software, Elysia-raytest) followed to determine the concentration of 

the deletion variant relative to the wild-type ACVS. Lastly, the purified wild-

type and deletion variant were respectively diluted and concentrated using 

Amicon U-100 spin filters (Merck). Final concentration for wild-type ACVS was 

determined using A280 (NanoDrop 1000; Thermo Fisher Scientific).

2.8. In vitro peptide formation assays

Diluted/concentrated Nl ACVS and Nl ΔC* ACVS were subjected to in vitro 

peptide synthesis assays, in order to determine product formation. Reaction 

mixture was set up as follows: HEPES 50 mM pH 7.0, 300 mM NaCl, 5 mM ATP 

pH 7.0, 5 mM L-α-aminoadipic acid, 2 mM L-cysteine, 2 mM L-valine, 5 mM 

MgCl2, 2 mM DTT and ~0.25 µM ACVS/ΔC* ACVS. The total volume was set 

at 200 µL. Control reactions were set up analogously, but omitting ATP or L- 

α-aminoadipic acid. Reactions were run at 30 °C and sampling took place at 0 

(T0) and 300 (T5h) minutes for endpoint value determination. NaOH was added 

to each sample to a final concentration of 0.1 M to quench the reactions. 

Samples were subsequently stored at -80 °C. Prior to HPLC/MS analysis, the 

samples were thawed on ice, reduced adding DTT to a final concentration of 

10 mM, and filtered.
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2.9. High performance liquid chromatographic and mass-spectrometric 

analysis (HPLC/MS)

Samples (50 µL) obtained from fungal liquid cultures and in vitro reactions 

were subjected to HPLC/MS analysis, with an injection volume of 5 µL each. 

Analysis was performed using a HPLC/MS Orbitrap (Thermo Scientific) in 

combination with a Reverse Phase-C18 column (ACQUITY UPLC BEH C18, 

130Å, 1.7 µm, 2.1 mm X 150 mm). Scan range was set at 100 – 2000 m/z 

in positive ion mode (ion optics voltages: 4.1 kV spray, 24.4 V capillary and 

73.7 V tube lens), with capillary temperature set at 325 °C. For the in vitro 

samples, a 24-minutes gradient program with Milli-Q water (A), acetonitrile 

(B) and 2% formic acid (C) was utilized: 0 min, A 90%, B 5%, C 5%; 4 min, 

A 90%, B 5%, C 5%; 13 min, A 0%, B 95%, C 5%; 16 min A 0%, B 95%, 

C 5%; 16.01 min, A 90%, B 5%, C 5%; 24 min A 90%, B 5%, C 5% at a 

flow rate of 0.150 mL/min. For the fungal (in vivo) samples, a 60-minutes 

gradient program with Milli-Q water (A), acetonitrile (B) and 2% formic acid 

(C) was utilized: 0 min, A 90%, B 5%, C 5%; 5 min, A 90%, B 5%, C 5%; 

30 min, A 35%, B 60%, C 5%; 35 min, A 0%, B 95%, C 5%; 45 min, A 0%, 

B 95%, C 5%; 45.01 min, A 90%, B 5%, C 5%; 60 min, A 90%, B 5%, 

C 5% at a flow rate of 0.300 mL/min. The Bis-ACV standard was obtained 

from Bachem, reduced to (L,L,D)-ACV and used for peak identification. The 

Penicillin V standard was purchased from Sigma-Aldrich (now MilliporeSigma) 

and used for quantification in a standard curve at concentrations of 0.0005, 

0.0025, 0.0125, 0.0625, 0.3125, 0.625 and 1.25 g/L. The CV dipeptide and 

the pigment chrysogine (control for fungal experiments, Figure A1) were 

identified according to their predicted monoisotopic masses, in absence of 

synthetic standards.
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Figure 1. (A) Domain organization and reaction scheme of ACVS. The ACV tripeptide 

is synthesized from L-α-aminoadipic acid, L-cysteine and L-valine. In the next step, ACV is 

converted to isopenicillin N (IPN) by the IPN synthase, which catalyzes the formation of the 

β-lactam ring. Following different biocatalytic routes, IPN is further converted into several 

classes of β-lactam antibiotics. The newly identified N-terminal C* domain is highlighted in 

orange. (B) Modelling of Nl ACVS M1 and Pr ACVS M1. In both cases all the canonical 

domains can be observed, with their expected structural organization. In addition, at the 

N-terminus of the modules, we observe a highly structured domain (C*) that aligns very well 

with model condensation domain VibH (PDB: 1L5A). Specifically, C* domains align with the 

C-lobe of VibH, and completely lack elements from the N-lobe, including the active site motif 

HHxxxDG. Pr ACVS M1 C* shows an additional disorganized region at the N-terminal portion 

(bottom right), which correlates well with the domain and backbone prediction analyses.

4
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3. Results and discussion
3.1. Identification and modelling of a conserved domain in the first 

module of ACV synthetases

Through domain prediction and backbone dynamics prediction (Figure 

A2), we identified a structurally organized region at the N-terminus of the 

first module of a bacterial and a fungal ACVS, respectively from Nocardia 

lactamdurans (Nl) and Penicillium rubens (Pr) (formerly annotated as 

Penicillium chrysogenum). Initial BlastP analyses show significant alignment 

of the amino acids sequence 2-236 (Nl ACVS) and 222-308 (Pr ACVS) to 

the condensation domain family (pfam00668), with a respective E-value of 

2.35E-03 and 3.68E-03. The N-terminal regions vary in size between 230 

amino acids for Nl ACVS and 300 amino acids for Pr ACVS, while the size of 

a full condensation domain is generally around 450 amino acids. Because of 

their alignment with the condensation domain protein family, we refer to the 

two regions as C* domain from now on (Figure 1A). A similar region has been 

previously observed in a fungal NRPS [63] and in fungal α-aminoadipic acid 

(Lys2-type) reductases such as Lys2 from Penicillium chrysogenum and NPS3 

from Ceriporiopsis subvermispora [64–66]. Interestingly, the reductases and 



the first module of ACVS activate the same substrate, and it has been shown 

that the N-terminal domain of NPS3 is critical for adenylation activity, hence 

it was termed adenylation activating (ADA) domain [66]. 

To gain further insight on the C* domains from ACVS, we submitted the 

sequences of the first module of the two enzymes to DynaMine, an online tool 

for the prediction of backbone dynamics. Starting from the primary sequence as 

input, DynaMine predicts backbone flexibility at the residue-level and outputs 

backbone N-H S2 order parameter values. These values can range between 
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0 and 1, indicating respectively a highly dynamic residue (therefore part of 

an unstructured/unfolded region) or a residue with a stable conformation 

(meaning the residue is likely part of a highly structured/folded region). The 

result is a graph where the S2 values are plotted against the respective residues, 

making it possible to identify (predicted) rigid or flexible regions (Figure A2). 

In accordance with what we previously observed with BlastP, two structured 

regions were predicted in the N-terminal portion of the proteins, with Pr ACVS 

showing an extra stretch predicted to be more flexible and disorganized. 

Furthermore, we extended the domain prediction analysis to other ACVSs 

from different organisms, which all showed similar N-terminal regions (Figure 

A3). For the purpose of this work we focused on Nl ACVS and Pr ACVS.

We therefore proceeded to generate structural models of the initiation 

modules of the two ACV synthetases, utilizing the web software i-TASSER, 

a fold recognition-based protein modelling tool. For each of the targets, 

i-TASSER generated several models based on a database of fold templates. 

Only the model with the highest C-score (0.83 for Nl ACVS M1 and 0.80 

for Pr ACVS M1) was selected for each target (see corresponding methods 

section for further details). Given the strong structural conservation of NRPS 

enzymes, in both cases the adenylation domains and the PCPs can easily be 

identified and appear organized in a canonical manner (Figure 1B). In the 

N-terminal regions, a third domain can be observed, with well conserved 

structural motifs. The structures were then aligned with the crystal structure of 

VibH [67] (PDB ID: 1L5A), a model condensation domain, using the structure 

alignment tool of UCSF Chimera [51]. The C* domain of ACVS superimpose 

almost perfectly with half of VibH, specifically with the C-terminal lobe (Figure 

1B). The C* domain of Pr ACVS has an extra sequence at the N-terminus—

about 60 amino acids in length—which appears to be rather disorganized 

and does not align with VibH (Figure 1B). C domains are pseudo-dimers 

constituted of two lobes, N-lobe and C-lobe, organized in a V-shape structure 

[67–69]. It seems that the C* domains from ACVS enzymes conserve the 
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structure of an isolated C-lobe, but completely lack the N-lobe. The canonical 

active site motif of condensation domains, HHxxxDG [70,71], as well as the 

acceptor PCP binding site, are found in the N-lobe [67–69], and therefore are 

missing in C* domains. These results are in accordance with the observations 

of Kalb et al. on a structural model of the ADA domain of NPS3 [66], further 

confirming the similarities between these domains. Subsequent multi-

alignment sequence analysis using Clustal Omega revealed that many of the 

other conserved motifs of C domains [72–75] are also absent in C* and ADA 

(C1-C5), while some are partially retained (C6-C7) (Figure 2). These findings 

strongly suggest that the C* domains do not exert the catalytic function 

typical for condensation domains during the enzymatic synthesis of ACV. This 

region is, however, highly conserved structurally and omnipresent in ACVS 

enzymes, and thus likely fulfils another role.

3.2. CRISPR/Cas9-mediated deletion of C* in P. rubens ACVS abolishes 

the production of penicillin antibiotics

Because of the striking presence of this structural domain in the family of 

ACVS proteins, we investigated the potential function of the C* domain of Pr 

ACVS. For this purpose, we created a P. rubens strain lacking the C* domain. 

To do so, we used a novel CRISPR/Cas9 approach based on the delivery of a 

custom-made plasmid carrying both the genes encoding Cas9 and the target-

specific sgRNA, as well as an anti-fungal (terbinafine) resistance marker 

(Figure 3). The transformants were first selected for the presence of the 

plasmid and further analyzed for the correct introduction of the designed 

C* domain genome deletion by targeted PCR and DNA sequencing. Two 

strains carrying the desired deletion, C1 and C2, were selected for liquid 

culturing experiments and HPLC/MS analysis. In addition, two control strains 

were included: the parental penicillin producer strain containing one copy 

of the penicillin biosynthetic cluster (DS54468), and a non-producer strain 

(DS68530) lacking the entire penicillin biosynthetic cluster.
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Figure 2. Multiple sequence alignment performed using Clustal Omega. The 

sequences of Nl ACVS M1 C* Pr ACVS M1 C* were aligned to those of several known 

condensation domains (obtained from the Uniprot database). The ADA domain from the 

α-aminoadipate reductase NPS3 was also included in the alignment. The main residues of 

core motifs C1-C7 of the condensation domain family are highlighted in red. The active site 

motif, C3, as well as motifs C1-C5 are completely lacking in both C* domains and ADA, while 

C6 is retained only in the case of NPS3 and C7 in all cases.

4
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Figure 3. CRISPR/Cas9 plasmid-mediated deletion of C* domain in P. rubens 

ACVS. (A) Schematic representation of pLM-AMA15.x plasmid encoding the components of 

CRISPR/Cas9 genome editing system, SpCas9-NLS and the sgRNA targeting the genomic 

region of interest. (B) Representation of CRISPR/Cas9 plasmid and donor-DNA delivery into 

fungal protoplasts. (C) Illustration of in vivo-expressed Cas9-RNP performing marker-free 

genome engineering and removal of C* domain from pcbAB of P. rubens DS54468.

For liquid culturing all the strains were grown in shake flasks in PPM 

(Penicillin Producing Medium) containing phenoxyacetic acid (POA), 

precursor of penicillin V. After five days the supernatant was collected, 

filtered and stored. Prior to HPLC/MS analysis, the samples were subjected 

to an antibacterial plate assay to screen for the presence of β-lactam 

compounds (Figure 4A). The assay clearly indicated the absence of 

antimicrobial activity in the samples from strains C1, C2 and the negative 

control, whereas the positive control showed formation of a large halo.

Analysis via HPLC/MS confirmed these results (Figure 4B). The production of 



penicillin V is abolished in the strains C1 and C2, suggesting that the deletion 

of C* rendered ACVS unfunctional, preventing the formation of the antibiotic 

compound. 

3.3. Deletion of C* in N. lactamdurans ACVS abolishes in vitro synthesis 

of ACV, while the dipeptide CV is produced at wild-type levels 

The study in P. rubens does not reveal as to whether the deletion of the 

C* domain causes a functional defect or rather disrupts the expression of 

the ACVS. To investigate this possibility, we then focused on Nl ACVS, which 

is very well overexpressed in E. coli and it has already been extensively 

characterized as a purified protein in previous studies [33,35]. To generate 

the Nl ACVS ΔC* variant we employed a Golden Gate-based assembly 

strategy previously described [35]. The construct was subsequently cloned 

and overexpressed in E. coli HM0079 [62], a strain that natively expresses a 

phosphopantetheinyl transferase, responsible for the conversion of apo-PCP 
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Figure 4. Deletion of C* domain in Pr ACVS. (A) Antibacterial plate assays showing that 

the transformants (C1 and C2) are not able to produce β-lactam antibiotics anymore. Positive 

control (producer strain DS54468) and negative control (non-producer strain DS68530) are 

included to validate the assay. (B) HPLC/MS analysis of penicillin V production, confirming 

the loss of penicillin V production by the transformants (C1 and C2). Producer (DS54468) 

and non-producer (DS68530) strains, as well as sterile PPM medium, are included. Error 

bars indicate the SD of three biological replicates. 
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Figure 5. Deletion of the C* domain in Nl ACVS. (A) SDS-PAGE analysis showing 

expression and purification of the wild-type and deletion variant of the Nl ACVS. ACVS ΔC* 

is expressed at lower levels but the purified protein fractions were diluted or concentrated 

to achieve comparable concentrations for catalytic activity measurements (top right gel). 

(B) In vitro assay of ACV (black bar) and CV (grey bar) production as detected by HPLC/

MS analysis for ACVS (lanes 2 and 4) and its ΔC* variant (lanes 1 and 3). Reactions were 

performed with the three amino acids L-α-aminoadipic acid, L-cysteine and L-valine, except 

in lane 4 where L-α-Aaa was omitted. Error bars depict the SD of two independent reactions 

with the same enzyme batches.

to holo-PCP domains, necessary for the function of NRPS. The Nl ACVS and its 

ΔC* variant, containing a 6xHis C-terminal tag, were purified via Ni2+-affinity 

chromatography and analyzed via SDS-PAGE (Figure 5A). Despite the lower 

expression levels, sufficient amounts of Nl ACVS ΔC* could be purified for 
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activity assays. Further, the purified protein remained fully stable over the 

course of 5 hours necessary to conduct the enzyme assays, indicating that the 

overall organization and fold of the enzyme are not compromised.

The wild-type ACVS and ACVS ΔC* were respectively diluted or 

concentrated to comparable concentrations based on 2D densitometry 

analysis on Coomassie Brilliant Blue stained SDS-PAGE (Figure 5A), and 

subjected to in vitro peptide formation assays. In these assays, all the amino 

acid substrates (L-α-aminoadipic acid, L-cysteine, L-valine) are provided 

along with ATP and Mg2+, necessary for peptide biosynthesis. Two control 

reactions were included: one where ATP was omitted from the ΔC*-ACVS 

reaction mixture; and one where L-α-aminoadipic acid was omitted from the 

wild-type ACVS reaction mixture. Reactions were analyzed via HPLC-MS for 

the presence of ACV and the dipeptide CV. In line with the results obtained 

in P. rubens, Nl ACVS ΔC* is completely unable to synthesize the tripeptide 

ACV (Figure 5B). Importantly, the enzyme synthesized significant amounts 

of the CV dipeptide. CV is normally a by-product or intermediate of ACV 

synthesis. When the substrate of module 1, L-α-aminoadipic acid, is omitted 

from the reaction with the wild-type ACVS, therefore bypassing the function 

of module 1, we observe the production of CV at the same levels as with the 

ΔC* variant. Expectedly, no ACV was produced in this case. Further, in the 

control reaction where ACVS ΔC* was not supplemented with ATP neither 

peptides were detected. The data indicates that the deletion of the C* domain 

renders module 1 of Nl ACVS unable to incorporate L-α-aminoadipic acid. 

However, the enzyme remains active in the production of CV, activity that can 

be attributed to fully functional modules 2 and 3. These results are analogous 

to those obtained with ADA-less variants of NPS3, which also showed a drastic 

loss of adenylation activity. This suggests that C* and ADA domains carry out 

the same function during the activation of L-α-aminoadipic acid.
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4. Conclusions
Here, we report for the first time on the identification of a previously 

undiscovered conserved domain in the first module of bacterial and fungal ACVS 

enzymes, which we named C* domain. A similar domain, called adenylation 

activating (ADA) domain, was previously described in α-aminoadipic acid 

reductases from fungi, where its presence is essential for the adenylating 

function [66]. Following bioinformatic analysis and molecular modelling, we 

investigated the importance of the C* domain on the functionality of the ACVS 

enzymes, by engineering deletion variants and analyzing their enzymatic 

activity in vitro and in vivo, respectively. The results suggest that the domain 

arrangement of ACVS should be now regarded as C*AT1-CAT2-CATETe3. 

Further, our experimental data indicates that the presence of the C* domain 

in the first module of Penicillium rubens and Nocardia lactamdurans ACVS is 

critical for its functionality as a unit. Without the C* domain, the activation 

and subsequent incorporation of L-α-aminoadipic acid does not occur and 

the biosynthesis of ACV is stalled. However, the exact function of this newly 

identified domain remains at the moment elusive. As hypothesized for the 

ADA domain of NPS3, it is possible that the C* domains have a structural role, 

perhaps maintaining the correct fold of module 1, which is essential for its 

activity. Given the uniqueness of the first module of ACVS enzymes and fungal 

α-aminoadipic acid reductases in terms of substrate specificity—they are the 

only adenylating enzymes known to activate L-α-aminoadipic acid, and they 

do so in a non-canonical manner [29,30,34,35,76,77]—it is also possible that 

the C* domain of ACVS and ADA domain of NPS3 are somehow involved in 

the recruitment and/or positioning of the substrate. Additionally, the presence 

and the importance for catalysis of C* in the first module of ACVS and ADA 

in NPS3 (and other Lys2-type reductases) suggest that these enzymes might 

share a common origin, perhaps an elongation module that later evolved into 

an initiation module and stand-alone reductases, respectively. 

Further efforts are required to unravel the evolutionary history and exact 
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role of C* domains during the biosynthesis of ACV. New insights about this 

mechanistic aspect of the enzyme could prompt engineering efforts targeted 

at modifying the substrate specificity of the first module, in order to generate 

modified penicillin derivatives and replace the procedures for semi-synthetic 

penicillin by the complete fermentative production of such derivatives.

Acknowledgements
We thank DSM Sinochem Pharmaceuticals (now Centrient Pharmaceuticals) 

for the Nl ACVS construct. We would also like to thank Dr. Marten Exterkate 

and Niels de Kok for their help with HPLC/MS analysis.

Author contributions
Riccardo Iacovelli: Formal analysis (lead); investigation (lead); methodology 

(lead); visualization (lead); conceptualization (lead); writing – original draft 

(lead); writing – review & editing (equal). László Mózsik: Investigation 

(lead); methodology (lead); visualization (supporting); writing – original draft 

(supporting); writing – review & editing (supporting). Roel A. L. Bovenberg: 

Conceptualization (supporting); supervision (supporting); writing – original 

draft (supporting); writing – review & editing (equal). Arnold J. M. Driessen: 

Conceptualization (lead); supervision (lead); project administration (lead); 

writing – original draft (supporting); writing – review & editing (equal).

Data availability statement
All data generated or analysed during this study are included in this article.

Conflict of interest
None declared.

Ethics statement
None required.



134

References

1.  Baldwin JE, Abraham E. The biosynthesis of penicillins and cephalosporins. Nat Prod Rep 

[Internet]. 1988;5(2):129. 

2.  Schofield CJ, Baldwin JE, Byford MF, Clifton I, Hajdu J, Hensgens C, et al. Proteins of the penicillin 

biosynthesis pathway. Curr Opin Struct Biol. 1997;7(6):857–64. 

3.  Roach PL, Clifton IJ, Hensgens CM, Shibata N, Schofield CJ, Hajdu J, et al. Structure of 

isopenicillin N synthase complexed with substrate and the mechanism of penicillin formation. 

Nature. 1997;387(1991):827–30. 

4.  Coque JJ, Martin JF, Calzada JG, Liras P. The cephamycin biosynthetic genes pcbAB, encoding 

a large multidomain peptide synthetase, and pcbC of Nocardia lactamdurans are clustered 

together in an organization different from the same genes in Acremonium chrysogenum and 

Penicillium chrysogenum. Mol Microbiol. 1991 May;5(5):1125–33. 

5.  Martín JF, Casqueiro J, Kosalková K, Marcos AT, Gutiérrez S. Penicillin and cephalosporin 

biosynthesis: Mechanism of carbon catabolite regulation of penicillin production. Antonie van 

Leeuwenhoek, Int J Gen Mol Microbiol. 1999;75(1–2):21–31. 

6.  Martín JF. New aspects of genes and enzymes for β-lactam antibiotic biosynthesis. Appl Microbiol 

Biotechnol. 1998;50(1):1–15. 

7.  Liras P. Biosynthesis and molecular genetics of cephamycins. Antonie van Leeuwenhoek, Int J 

Gen Mol Microbiol. 1999;75(1–2):109–24. 

8.  Ozcengiz G, Demain AL. Recent advances in the biosynthesis of penicillins, cephalosporins and 

clavams and its regulation. Biotechnol Adv [Internet]. 2013;31(2):287–311. 

9.  Queener SW. Molecular biology of penicillin and cephalosporin biosynthesis. Antimicrob Agents 

Chemother. 1990;34(6):943–8. 

10.  Wu X, García-Estrada C, Vaca I, Martín JF. Motifs in the C-terminal region of the Penicillium 

chrysogenum ACV synthetase are essential for valine epimerization and processivity of tripeptide 

formation. Biochimie [Internet]. 2012;94(2):354–64. 

11.  Tahlan K, Moore MA, Jensen SE. δ-(l-α-aminoadipyl)-l-cysteinyl-d-valine synthetase (ACVS): 

discovery and perspectives. J Ind Microbiol Biotechnol [Internet]. 2016; 

12.  Marahiel M a., Essen LO. Chapter 13 Nonribosomal Peptide Synthetases. Mechanistic and 

Structural Aspects of Essential Domains [Internet]. 1st ed. Vol. 458, Methods in Enzymology. 

Elsevier Inc.; 2009. 337–351 p. 

13.  Reimer JM, Haque AS, Tarry MJ, Schmeing TM. Piecing together nonribosomal peptide synthesis. 

Curr Opin Struct Biol [Internet]. 2018;49:104–13. 

14.  Schwarzer D, Finking R, Marahiel M a. Nonribosomal peptides: from genes to products. Nat Prod 

Rep. 2003;20(3):275–87. 

15.  Strieker M, Tanović A, Marahiel M a. Nonribosomal peptide synthetases: Structures and 

dynamics. Curr Opin Struct Biol. 2010;20(2):234–40. 

16.  Condurso HL, Bruner SD. Structure and noncanonical chemistry of nonribosomal peptide 

biosynthetic machinery. [Internet]. Vol. 29, Natural product reports. 2012. p. 1099–110. 

17.  Koglin A, Walsh CT. Structural insights into nonribosomal peptide enzymatic assembly lines. Nat 

Prod Rep. 2009;26(8):987–1000. 

4

Identification of a conserved N-terminal domain in ACVS



135

18.  Walsh CT. Insights into the chemical logic and enzymatic machinery of NRPS assembly lines. Nat 

Prod Rep [Internet]. 2016;33(2):127–35. 

19.  De Mattos-Shipley KMJ, Greco C, Heard DM, Hough G, Mulholland NP, Vincent JL, et al. The 

cycloaspeptides: Uncovering a new model for methylated nonribosomal peptide biosynthesis. 

Chem Sci. 2018;9(17):4109–17. 

20.  Samel SA, Czodrowski P, Essen LO. Structure of the epimerization domain of tyrocidine 

synthetase A. Acta Crystallogr Sect D Biol Crystallogr. 2014;70(5):1442–52. 

21.  Schoenafinger G, Schracke N, Linne U, Marahiel MA. Formylation Domain : An Essential Modifying 

Enzyme for the Nonribosomal Biosynthesis of Linear Gramicidin. 2006;7406–7. 

22.  Schneider TL, Shen B, Walsh CT. Oxidase domains in epothilone and bleomycin biosynthesis: 

Thiazoline to thiazole oxidation during chain elongation. Biochemistry. 2003;42(32):9722–30. 

23.  Kohli RM, Walsh CT. Enzymology of acyl chain macrocyclization in natural product biosynthesis. 

Chem Commun. 2003;3(3):297–307. 

24.  Schneider A, Marahiel MA. Genetic evidence for a role of thioesterase domains, integrated in or 

associated with peptide synthetases, in non-ribosomal peptide biosynthesis in Bacillus subtilis. 

Arch Microbiol. 1998;169(5):404–10. 

25.  Horsman ME, Hari TPA, Boddy CN. Polyketide synthase and non-ribosomal peptide synthetase 

thioesterase selectivity: logic gate or a victim of fate? Nat Prod Rep [Internet]. 2016;33(2):183–

202. 

26.  Tanovic A, Samel SA, Essen L-O, Marahiel MA. Crystal structure of the termination module of a 

nonribosomal peptide synthetase. Science [Internet]. 2008;321(5889):659–63. 

27.  Baldwin JE, Bird JW, Field RA, O’Callaghan NM, Schofield CJ. Isolation and partial characterisation 

of ACV synthetase from Cephalosporium acremonium and Streptomyces clavuligerus. Vol. 43, 

The Journal of antibiotics. Japan; 1990. p. 1055–7. 

28.  Baldwin JE, Bird JW, Field RA, O’Callaghan NM, Schofield CJ, Willis AC. Isolation and partial 

characterisation of ACV synthetase from Cephalosporium acremonium and Streptomyces 

clavuligerus. Evidence for the presence of phosphopantothenate in ACV synthetase. J Antibiot 

(Tokyo). 1991 Feb;44(2):241–8. 

29.  Jensen SE, Wong A, Rollins MJ, Westlake DW. Purification and partial characterization of delta-(L-

alpha-aminoadipyl)-L-cysteinyl-D-valine synthetase from Streptomyces clavuligerus. J Bacteriol. 

1990 Dec;172(12):7269–71. 

30.  Theilgaard HB, Kristiansen KN, Henriksen CM, Nielsen J. Purification and characterization of 

delta-(L-alpha-aminoadipyl)-L-cysteinyl-D-valine synthetase from Penicillium chrysogenum. 

Biochem J. 1997 Oct;327 ( Pt 1:185–91. 

31.  Schwecke T, Aharonowitz Y, Palissa H, von Dohren H, Kleinkauf H, van Liempt H. Enzymatic 

characterisation of the multifunctional enzyme delta-(L-alpha-aminoadipyl)-L-cysteinyl-D-valine 

synthetase from Streptomyces clavuligerus. Eur J Biochem. 1992 Apr;205(2):687–94. 

32.  van Liempt H, von Dohren H, Kleinkauf H. delta-(L-alpha-aminoadipyl)-L-cysteinyl-D-

valine synthetase from Aspergillus nidulans. The first enzyme in penicillin biosynthesis is a 

multifunctional peptide synthetase. J Biol Chem. 1989 Mar;264(7):3680–4. 

33.  Coque JJR, De La Fuente JL, Liras P, Martín JF. Overexpression of the Nocardia lactamdurans 

α-aminoadipyl-cysteinyl-valine synthetase in Streptomyces lividans. The purified multienzyme 

uses cystathionine and 6-oxopiperidine 2-carboxylate as substrates for synthesis of the 

4



136

tripeptide. Eur J Biochem. 1996;242(2):264–70. 

34.  Tahlan K, Moore MA, Jensen SE. δ-(L-α-aminoadipyl)-L-cysteinyl-D-valine synthetase (ACVS): 

discovery and perspectives. J Ind Microbiol Biotechnol. 2017;44(4):517–24. 

35.  Iacovelli R, Zwahlen RD, Bovenberg RAL, Driessen AJM. Biochemical characterization of the 

Nocardia lactamdurans ACV synthetase. PLoS ONE 2020;15(4): e0231290.

36.  Flissi A, Ricart E, Campart C, Chevalier M, Dufresne Y, Michalik J, et al. Norine: Update of the 

nonribosomal peptide resource. Nucleic Acids Res. 2020;48(D1):D465–9. 

37.  Conti E, Franks NP, Brick P. Crystal structure of firefly luciferase throws light on a super-family 

of adenylate-forming enzymes. Structure. 1996;4(3):287–98. 

38.  Conti E, Stachelhaus T, Marahiel MA, Brick P. Structural basis for the activation of phenylalanine 

in the non-ribosomal biosynthesis of gramicidin S. 1997;16(14):4174–83. 

39.  Stachelhaus T, D. Mootz H, Marahiel MA. The specificity-conferring code of adenylation domains 

in nonribosomal peptide synthetases. Chem Biol. 1999;6(8):493–505. 

40.  Salo O V., Ries M, Medema MH, Lankhorst PP, Vreeken RJ, Bovenberg RAL, et al. Genomic 

mutational analysis of the impact of the classical strain improvement program on β-lactam 

producing Penicillium chrysogenum. BMC Genomics [Internet]. 2015;16(1):1–15. 

41.  Harris DM, van der Krogt ZA, Klaassen P, Raamsdonk LM, Hage S, van den Berg MA, et al. 

Exploring and dissecting genome-wide gene expression responses of Penicillium chrysogenum 

to phenylacetic acid consumption and penicillinG production. BMC Genomics. 2009;10:1–20. 

42.  Nijland JG, Ebbendorf B, Woszczynska M, Boer R, Bovenberg RAL, Driessen AJM. Nonlinear 

biosynthetic gene cluster dose effect on penicillin production by Penicillium chrysogenum. Appl 

Environ Microbiol. 2010;76(21):7109–15. 

43.  Kovalchuk A, Weber SS, Nijland JG, Bovenberg RAL, Driessen AJM. Fungal ABC Transporter 

Deletion and Localization Analysis. In: Methods in Molecular Biology [Internet]. 2012. p. 1–16. 

44.  Weber SS, Polli F, Boer R, Bovenberg R a L, Driessen AJM. Increased penicillin production 

in penicillium chrysogenum production strains via balanced overexpression of isopenicillin n 

acyltransferase. Appl Environ Microbiol. 2012;78(19):7107–13. 

45.  Bateman A. UniProt: A worldwide hub of protein knowledge. Nucleic Acids Res. 

2019;47(D1):D506–15. 

46.  Cilia E, Pancsa R, Tompa P, Lenaerts T, Vranken WF. From protein sequence to dynamics and 

disorder with DynaMine. Nat Commun. 2013;4(May). 

47.  Cilia E, Pancsa R, Tompa P, Lenaerts T, Vranken WF. The DynaMine webserver: Predicting protein 

dynamics from sequence. Nucleic Acids Res. 2014;42(W1):264–70. 

48.  Roy A, Kucukural A, Zhang Y. I-TASSER: A unified platform for automated protein structure and 

function prediction. Nat Protoc. 2010;5(4):725–38. 

49.  Yang J, Yan R, Roy A, Xu D, Poisson J, Zhang Y. The I-TASSER suite: Protein structure and 

function prediction. Nat Methods [Internet]. 2014;12(1):7–8. 

50.  Yang J, Zhang Y. I-TASSER server: New development for protein structure and function 

predictions. Nucleic Acids Res. 2015;43(W1):W174–81. 

51.  Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al. UCSF Chimera - A 

visualization system for exploratory research and analysis. J Comput Chem. 2004;25(13):1605–

12. 

52.  Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, et al. Fast, scalable generation of high-

4

Identification of a conserved N-terminal domain in ACVS



137

quality protein multiple sequence alignments using Clustal Omega. Mol Syst Biol. 2011;7(539). 

53.  Weber E, Engler C, Gruetzner R, Werner S, Marillonnet S. A modular cloning system for 

standardized assembly of multigene constructs. PLoS One. 2011;6(2). 

54.  Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA, Smith HO. Enzymatic assembly of 

DNA molecules up to several hundred kilobases. Nat Methods. 2009;6(5):343–5. 

55.  Mózsik L, Hoekzema M, De Kok NAW, Bovenberg RAL, Nygård Y, Driessen AJM. CRISPR-Based 

Transcriptional Activation Tool for Silent Genes in Filamentous Fungi. bioRxiv [Internet]. 

2020;(5):2020.10.13.338012. 

56.  Mózsik L, Büttel Z, Bovenberg RAL, Driessen AJM, Nygård Y. Synthetic control devices for gene 

regulation in Penicillium chrysogenum. Microb Cell Fact [Internet]. 2019;18(1):1–13. 

57.  Nødvig CS, Nielsen JB, Kogle ME, Mortensen UH. A CRISPR-Cas9 system for genetic engineering 

of filamentous fungi. PLoS One. 2015;10(7):1–18. 

58.  Pohl C, Polli F, Schütze T, Viggiano A, Mózsik L, Jung S, et al. A Penicillium rubens platform strain 

for secondary metabolite production. Sci Rep. 2020;10(1):1–16. 

59.  Bovenberg RAL, Kiel JAKW, Wenzel TJ, Los AP. EP 2 683 732 B1. Eur Pat Off. 2016;(Application 

12719604.6). 

60.  Pohl C, Kiel JAKW, Driessen AJM, Bovenberg RAL, Nygård Y. CRISPR/Cas9 Based Genome Editing 

of Penicillium chrysogenum. ACS Synth Biol [Internet]. 2016;acssynbio.6b00082. 

61.  Engler C, Gruetzner R, Kandzia R, Marillonnet S. Golden gate shuffling: A one-pot DNA shuffling 

method based on type ils restriction enzymes. PLoS One. 2009;4(5). 

62.  Gruenewald S, Mootz HD, Stehmeier P, Stachelhaus T. In vivo production of artificial 

nonribosomal peptide products in the heterologous host Escherichia coli. Appl Environ Microbiol. 

2004;70(6):3282–91. 

63.  Berry D, Mace W, Grage K, Wesche F, Gore S, Schardl CL, et al. Efficient nonenzymatic cyclization 

and domain shuffling drive pyrrolopyrazine diversity from truncated variants of a fungal NRPS. 

Proc Natl Acad Sci U S A. 2019;116(51):25614–23. 

64.  Hijarrubia MJ, Aparicio JF, Martín JF. Domain structure characterization of the multifunctional 

α-aminoadipate reductase from Penicillium chrysogenum by limited proteolysis: Activation of 

α-aminoadipate does not require the peptidyl carrier protein box or the reduction domain. J Biol 

Chem. 2003;278(10):8250–6. 

65.  Kalb D, Lackner G, Hoffmeister D. Functional and phylogenetic divergence of fungal adenylate-

forming reductases. Appl Environ Microbiol. 2014;80(19):6175–83. 

66.  Kalb D, Lackner G, Rappe M, Hoffmeister D. Activity of α-Aminoadipate Reductase Depends on 

the N-Terminally Extending Domain. ChemBioChem. 2015;16(10):1426–30. 

67.  Keating T a, Marshall CG, Walsh CT, Keating AE. The structure of VibH represents nonribosomal 

peptide synthetase condensation, cyclization and epimerization domains. Nat Struct Biol. 

2002;9(7):522–6. 

68.  Bloudoff K, Rodionov D, Schmeing TM. Crystal Structures of the First Condensation Domain of 

CDA Synthetase Suggest Conformational Changes during the Synthetic Cycle of Nonribosomal 

Peptide Synthetases. J Mol Biol [Internet]. 2013 Sep;425(17):3137–50.

69.  Bloudoff K, Schmeing TM. Structural and functional aspects of the nonribosomal peptide 

synthetase condensation domain superfamily: discovery, dissection and diversity. Biochim 

Biophys Acta - Proteins Proteomics. 2017;1865(11):1587–604. 

4



138

70.  De Crecy-Lagard V, Marliere P, Saurin W. Multienzymatic non ribosomal peptide biosynthesis: 

identification of the functional domains catalysing peptide elongation and epimerisation. 

Comptes Rendus l’Académie des Sci III. 1995;(318):927–36. 

71.  Marshall CG, Hillson NJ, Walsh CT. Catalytic mapping of the vibriobactin biosynthetic enzyme 

VibF. Biochemistry. 2002;41(1):244–50. 

72.  Marahiel M a, Stachelhaus T, Mootz HD. Modular Peptide Synthetases Involved in Nonribosomal 

Peptide Synthesis. Chem Rev [Internet]. 1997;97(7):2651–74. 

73.  Rausch C, Hoof I, Weber T, Wohlleben W, Huson DH. Phylogenetic analysis of condensation 

domains in NRPS sheds light on their functional evolution. BMC Evol Biol. 2007;15:1–15. 

74.  Marxen S, Stark TD, Rütschle A, Lücking G, Frenzel E, Scherer S, et al. Depsipeptide intermediates 

interrogate proposed biosynthesis of cereulide, the emetic toxin of Bacillus cereus. Sci Rep 

[Internet]. 2015;5(March):1–14. 

75.  Meyer S, Kehr J, Mainz A, Dehm D, Petras D, Su RD, et al. Biochemical Dissection of the Natural 

Diversification of Microcystin Provides Lessons for Synthetic Biology of NRPS Article Biochemical 

Dissection of the Natural Diversification of Microcystin Provides Lessons for Synthetic Biology of 

NRPS. 2016;462–71. 

76.  Coque JJ, de la Fuente JL, Liras P, Martin JF. Overexpression of the Nocardia lactamdurans alpha-

aminoadipyl-cysteinyl-valine synthetase in Streptomyces lividans. The purified multienzyme uses 

cystathionine and 6-oxopiperidine 2-carboxylate as substrates for synthesis of the tripeptide. 

Eur J Biochem. 1996 Dec;242(2):264–70. 

77.  Kudo F, Miyanaga A, Eguchi T. Structural basis of the nonribosomal codes for nonproteinogenic 

amino acid selective adenylation enzymes in the biosynthesis of natural products. J Ind Microbiol 

Biotechnol [Internet]. 2019;46(3–4):515–36. 

4

Identification of a conserved N-terminal domain in ACVS



139

4



140

Appendix

Table A1. List of oligonucleotides used for PCR amplification of sgRNA insert and marker-

free donor DNA for deletion of C* in Pr ACVS, and for amplification of Nl ACVS ΔC* deletion 

fragment.
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Figure A1. Production of chrysogine was detected and measured via HPLC/MS in the 

cultures’ supernatant after 5 days of growth, to serve as control. Error bars indicate the SD 

of three biological replicates. 

 Table A2. Sequences of C* domains deleted from N. lactamdurans and P. rubens ACVS.
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Figure A2. Domain and backbone dynamics prediction of Nl ACVS M1 (A) and Pr 

ACVS M1 (B). The upper panels represent the graphic summary of the BlastP domain 

prediction, where all the canonical domains are identified, as well as the N-terminal regions 

that align (partly) to the condensation domain family. The lower panels depict the backbone 

dynamics prediction obtained with DynaMine. In addition to the three canonical domains of 

module 1, predicted folded regions can be identified also in the N-terminal stretch of the two 

sequences, termed C* domains. 4

Figure A3. BlastP domain predictions of ACV synthetases from different organisms 

shows the omnipresence of the conserved N-terminal region. The ACVS from Acremonium 

chrysogenum does not show alignment to the condensation domain family, but retains an 

equally sized region.
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Summary

Summary
Since their first discovery in the 20th century, secondary metabolites (SMs) 

have been used by humans for many purposes, such as medicines, pigments, 

food flavouring and crop protection [1]. Nonribosomal peptides (NRPs) are one 

of the main classes of SMs that are industrially produced today by filamentous 

fungi and bacteria, with some notable examples such as the antibiotics 

penicillin, vancomycin and gramicidin, the immunosuppressant cyclosporin 

and the anticancer bleomycin [2,3]. NRPs are synthesized by nonribosomal 

peptide synthetases (NRPSs), large multidomain and multimodular enzymes 

that function both as assembling machine and template for the synthesis 

[4–6].

Over the past decades, researchers have explored many of the key 

enzymological aspects involved in NRP synthesis as well as the structural 

features of the NRPS machinery [7–11], with the ultimate goal to engineer 

these enzymes to alter substrate specificity and produce novel peptides. A 

broad variety of engineering approaches were tested, including site-directed 

mutagenesis of the active site residues, directed evolution and module/domain 

swapping. However, these experiments have often led to inactive enzymes or 

low production yields [12]. In most cases, this is likely due the disruption 

of inter-domain interactions during NRP synthesis, which indeed seem to be 

crucial to generate functional NRPS enzymes, as shown in recent works [13–

15]. Despite the numerous advancements in the field, researchers are still 

far from developing a universal “plug-and-play” approach which would allow 

them to fully harness the huge biotechnological potential of nonribosomal 

peptide synthetases. 

In this thesis, we investigated some of the fundamental aspects of the 

synthesis of the tripeptide L-δ-(α-aminoadipoyl)-L-cysteinyl-D-valine (ACV). 

This peptide is produced by the enzyme ACV synthetase (ACVS), a unique 

trimodular NRPS, and serves as precursor for the synthesis of all β-lactam 

compounds [16]. 
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Chapter 1 provides a comprehensive overview of nonribosomal peptide 

synthesis, with emphasis on the main reactions involved, the functional 

domains that carry them out and NRPS-associated proteins. NRPS are 

multimodular enzymes whereby each module activates a specific substrate and 

incorporates it into the growing peptide chain. In turn, each module consists 

of several domains that work in concert to recognize, activate, transport and 

connect adjacent substrates and intermediates. Specifically, adenylation (A) 

domains are responsible for recruiting substrates and activating them via an 

adenylation reaction at the expense of ATP, resulting in (amino) acyl-AMPs. 

At this point, the activated substrate is loaded onto a cofactor arm attached 

to the small peptide-carrier-protein (PCP) domain (also known as thiolation 

domain, T) via a thioesterification reaction, and it can now be transported 

to the next catalytic domain. At the condensation (C) domain, the formation 

of the peptide bond between two adjacent substrates or intermediates is 

catalysed, and the growing peptide chain is then transported further along the 

assembly line. Ultimately, the product is released by the thioesterase domain 

(Te), which can operate via different mechanisms resulting in the release of 

cyclic, branched or linear NRPs [4,6,9]. Besides the main catalytic domains 

discussed above, NRPSs often contain optional modification domains that can 

introduce further chemical diversity and improve the chemical characteristics 

of NRPs. Some examples are formylation, methyl-transferase and oxidase 

domains [5]. NRPs can also be modified by in trans-acting enzymes such as 

glycosyltransferases [17] and P450 monooxygenases [18]. In the remainder 

of chapter 1, the multimodular architecture of NRPS and the biosynthetic cycle 

of NRP synthesis are briefly outlined. Lastly, the biotechnological potential of 

NRPS is discussed and the main engineering efforts are reviewed, with a 

particular focus on the most recent advances with combinatorial approaches.

In chapter 2 we describe the biochemical characterization of the ACV 

synthetase from the soil bacterium Nocardia (Amycolatopsis) lactamdurans 

(Nl) [19]. The enzyme is very well overexpressed in E. coli and can be purified 
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to near homogeneity by means of Ni2+ affinity chromatography. Once we 

obtained pure ACVS, we subjected it to in vitro peptide formation assays 

with native and alternative substrates, in order to determine its activity and 

investigate the substrate specificity of each module. High performance liquid 

chromatography-mass spectrometry was employed to detect and measure 

the formation of peptides in the reaction mixtures. The results that we 

obtained indicated that module 1 is very strict in terms of substrate selection, 

while module 2 and 3 appear more promiscuous. Generally, all the substrates 

that are recognized and activated are structurally similar to the native ones, 

suggesting that the ACVS and the reactions it carries out are very specific.

Furthermore, we replaced the binding pocket subdomain of the first L-α-

aminoadipic acid-specific adenylation domain of Nl ACVS with subdomains 

from different NRPS, to achieve the activation of alternative substrates and 

thus the production of novel tripeptides, with the ultimate goal to obtain 

novel β-lactam compounds. All the hybrid ACVSs could be successfully 

overexpressed and purified but only one was active, where we used the 

binding pocket subdomain from the homolog ACVS from the fungus Penicillium 

rubens (previously annotated as P. chrysogenum), which activates the same 

substrate. This suggests that the failure of the engineering strategy is probably 

due to the strict chemistry of the ACVS reactions, rather than the engineering 

itself. Indeed, the L-α-aminoadipic acid-specific adenylation domain of ACVS 

is quite unique, as no other NRPS unit that can activate such substrate is 

known. In addition, the activation of L-α-aminoadipic acid occurs on the side 

chain δ-carboxyl group, which results in the formation of a non-canonical 

peptide bond with the second substrate L-cysteine. Taken all together, these 

observations prompted our investigation on the mechanism of recognition and 

activation of L-α-aminoadipic acid, which we report in Chapter 3. One of the 

milestones in NRPS research was the identification of a so-called “specificity-

conferring code”, whereby one could predict the specificity of an adenylation 

domain by looking at a signature sequence of ten residues [7]. 
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Generally, in amino acid-activating adenylation domains the first and last 

residues of the signature sequence are always an aspartic acid (D) and a 

lysine (K), respectively. From structural studies [20], it was confirmed 

that these two residues directly interact with the α-amino and α-carboxyl 

group of the substrate, and are therefore critical for enzymatic activity. The 

lysine possesses also a catalytic function, as it coordinates the ATP and the 

α-carboxyl group of the substrate for the adenylation reaction to occur. The 

remaining 8 residues are variable and effectively determine the specificity of 

the adenylation domain.

In this work, we combined the use of bioinformatics and site-directed 

mutagenesis to investigate the importance of the signature sequence 

residues in the L-α-aminoadipic acid-specific adenylation domain of Nl ACVS. 

This signature sequence is highly conserved across ACVSs from different 

organisms, and contains as a first residue a glutamic acid (E457 in Nl ACVS) 

and, expectedly, a lysine as the last residue (K752). Of the remaining 8 

residues, some are hydrophobic and probably interact with the carbons of the 

substrate, while 3 of them—R461, N500 and E546—have polar side chains. 

Modelling of the adenylation domain showed a conserved architecture of 

the binding pocket, where the three residues mentioned above reside at the 

bottom, and could potentially have crucial interactions with the L-α-aminoadipic 

acid. To explore this possibility, we generated several mutants of these three 

residues, as well as E457 and K752 mutants. Despite being highly conserved, 

E457 does not seem to be required for the enzymatic activity, while R461 

and E546 appear to be critical, as well as K752. These results suggest that 

both R461 and E546 interact with the α-amino and α-carboxyl group, likely 

through H-bonds, providing the correct positioning of the substrate, with its 

side chain protruding at the top of the pocket. Here, the δ-carboxyl group can 

be adenylated, for which only the catalytic lysine is strictly required.

During our work on module 1 of Nl ACVS we observed the presence 

of an N-terminal sequence that does not belong to the adenylation domain. 
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In Chapter 4, we investigate this unidentified region in the ACVS from N. 

lactamdurans and P. rubens. Protein alignment analyses showed that this 

particular stretch of sequence—between 220 and 300 amino acids in size—

partly aligns with the condensation domain family, despite being approximately 

half the size. Because of that, we refer to it as C* domain. Interestingly, 

when we extended the analysis to ACVS from other organisms we observed 

similar regions, indicating that this is a highly conserved feature. Despite 

their (partial) alignment to condensation domains, the C* domains do not 

have the canonical active site. Nevertheless, to investigate their importance 

for catalysis, we generated deletion variants of ACVS where we removed the 

C* domain, both in vivo in P. rubens and in vitro with the Nl ACVS. We 

then analysed the activity of the enzyme in terms of penicillin production or 

ACV tripeptide production, respectively. In both cases the deletion variant 

completely lost its activity, indicating that the C* domain is critical for a fully 

functional enzyme. Furthermore, in the in vitro reactions we detected the 

presence of the intermediate dipeptide CV at the same levels of wild-type 

ACVS, suggesting that while module 1 becomes inactive due to the deletion, 

module 2 and 3 remain fully functional. The exact function of the C* domains 

remains for now elusive, though it is clear that they are a conserved feature 

in all ACVS, critical for the activity of the enzyme. Possibly, the C* domain 

is involved in the recruitment and correct positioning of L-α-aminoadipic acid 

into the binding pocket of the first adenylation domain.

Taken all together, the results of this thesis provide new knowledge on the 

ACVS enzymes, with a particular focus on the L-α-aminoadipic acid-activating 

module 1. Aside from its uniqueness amongst members of the NRPS family, 

the first module of ACVS sparks great interest for its biotechnological potential. 

Indeed, it is the side chain of L-α-aminoadipic acid in the b-lactam precursor 

isopenicillin N that is replaced for alternative acids during the synthesis of the 

different penicillin antibiotics (and their semi-synthetic derivates) [16]. If one 

could engineer ACVS to activate and incorporate novel substrates in the first 
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position, we could obtain new penicillin antibiotics without the need of enzymes 

that carry out side chain replacement. Simultaneously, we could replace some 

of the costly and laborious chemical processes that are employed to synthesize 

semi-synthetic penicillin with a complete fermentative synthesis based on two 

enzymatic steps: the synthesis of the tripeptide precursor possessing already 

the moiety of interest, and the ring closure catalysed by a second enzyme. 

To achieve these objectives, there is still much to be done. In particular, 

the condensation domain of module 2, where L-α-aminoadipic acid and 

L-cysteine are connected, should also be investigated. It is likely that the 

mechanism of peptide bond formation is also in this case unique, and more 

importantly it seems that condensation domains retain a strong gate-keeper 

function during NRP synthesis [21,22], which could render any effort in 

modifying module 1 unsuccessful. Ultimately, resolving the structure of ACVS 

or of some of its critical domains—ideally bound to their substrates—would 

provide essential information to understand ACV synthesis and its underlying 

mechanisms. This knowledge would certainly give a “jump-start” to the 

development of successful engineering strategies.

5
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5

Samenvatting

Samenvatting
Sinds de ontdekking van de eerste secundaire metabolieten (SM’s) in de 

twintigste eeuw, worden deze stoffen door de mens gebruikt voor verschillende 

doeleinden, zoals medicijnen, pigmenten, smaakstoffen en als gewas 

beschermingsmiddelen [1]. Niet-ribosomale peptiden (NRP’s) zijn een van de 

hoofdklassen van SM’s die thans op industriële schaal worden geproduceerd 

door filamenteuze schimmels en bacteriën. Voorbeelden zijn de antibiotica 

penicilline, vancomycine en gramicidine, maar ook de immunosuppressor 

cyclosporine, en het kankermedicijn bleomycine [2,3]. NRP’s worden 

gesynthetiseerd door niet-ribosomale peptide synthetases (NRPS’s). Dit zijn 

grote multi-domein en multi-modulaire enzymen die zowel als assemblage-

machinerie en als templaat functioneren voor synthese [4–6].       

De laatste decennia is er veel onderzoek gedaan naar de essentiële 

enzymatische mechanismen die ten grondslag liggen aan NRP synthese, maar 

ook naar de structurele kenmerken van de NRPS machinerie [7–11]. Dit, met 

uiteindelijk als doel de substraatspecificiteit van deze enzymen aan te passen 

zodat nieuwe peptiden kunnen worden gesynthetiseerd. Om dit te realiseren 

zijn er verschillende strategieën ontwikkeld en getest, zoals plaats-specifieke 

mutagenese van de residuen in de substraatbindingsplaats, gerichte evolutie, 

maar ook het omwisselen van modules en domeinen. Echter, in vrijwel alle 

gevallen leidde deze experimenten tot niet of nauwelijks actieve enzymen 

met geen of lage productie capaciteit [12]. Naar alle waarschijnlijkheid wordt 

dit in de meeste gevallen veroorzaakt door één of meerdere verstoringen van 

de interacties die plaatsvinden tussen de verschillende domeinen gedurende 

het synthese proces. Recentelijk is aangetoond dat deze interacties inderdaad 

cruciaal blijken te zijn voor de functionaliteit van NRPS enzymen [13–15].

In dit proefschrift is er onderzoek gedaan naar een aantal fundamentele 

aspecten die ten grondslag liggen aan de synthese van de tri-peptide L-δ-(α-

aminoadipoyl)-L-cysteinyl-D-valine (ACV). Deze peptide wordt geproduceerd 

door de ACV synthetase (ACVS) (een unieke tri-modulaire NRPS) en dient als 
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precursor voor de synthese van alle β-lactam antibiotica [16].  

In hoofdstuk 1 wordt een uitgebreid overzicht gegeven van niet-

ribosomale peptide synthese. Hierin wordt de nadruk gelegd op de algemene 

reacties die daarbij betrokken zijn, de functionele domeinen die deze reacties 

uitvoeren, en de verschillende NRPS-geassocieerde eiwitten. NRPS’s zijn 

multi-modulaire enzymen, waarbij elke module zijn eigen specifieke substraat 

activeert en dit vervolgens incorporeert in een groeiende peptide keten. 

Daarnaast bestaat elke module uit een aantal domeinen die gezamenlijk 

werken aan de herkenning, activatie, transport en de koppeling van de 

substraten en de tussenproducten. In dit proces zijn de adenylatie (A) 

domeinen verantwoordelijk voor de binding en herkenning van de substraten 

en de daaropvolgende activatie van de ATP-consumerende adenylatie reactie, 

wat uiteindelijk resulteert in een (amino) acyl-AMP. Vervolgens wordt het 

geactiveerde substraat doormiddel van een thioesterificatie reactie gekoppeld 

aan een cofactor arm die op zijn beurt vast zit aan het kleine peptide-carrier-

protein (PCP) domein (ook wel bekend als thiolatie domein, T). Het geactiveerde 

substraat is nu klaar voor transport naar het volgende katalytische domein. Bij 

het condensatie (C) domein wordt de vorming van een peptide binding tussen 

twee aangrenzende substraten/tussenproducten gekatalyseerd. Vervolgens 

wordt de groeiende peptideketen verder getransporteerd en gemodificeerd 

vergelijkbaar met een lopende band, totdat het product uiteindelijk aankomt 

bij het thioesterase domein (Te) voor de laatste ontkoppelingsstap. Dit domein 

kan op verschillende manieren te werk gaan, wat kan resulteren in cyclische, 

vertakte of lineaire versies van de NRP’s [4,6,9]. Naast de drie belangrijkste 

katalytische domeinen die zojuist besproken zijn, bevatten NRPS’s vaak 

additionele modificatie domeinen. Doormiddel van deze domeinen kan er 

additionele chemische diversiteit worden geïntroduceerd om zo de chemische 

eigenschappen van de NRP’s te verbeteren. Een aantal voorbeelden zijn: 

formylering, methylering en oxidatie [5]. Daarnaast kunnen NRP’s ook nog 

worden gemodificeerd door trans-acting enzymen, zoals glycosyltransferases 
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[17] en P450 monooxygenases [18]. In de rest van hoofdstuk 1 wordt de 

multi-modulaire architectuur en de bio-synthetische cyclus van NRPS enzymen 

kort omschreven. Tot slot worden nog het biotechnologische potentiaal van 

NRPS’s en de voornaamste  pogingen tot engineering bediscussieerd, waarbij 

met name wordt gefocust op de recente vorderingen die gemaakt zijn met 

behulp van combinatie strategieën. 

In hoofdstuk 2 wordt de biochemische karakterisering van de ACV 

synthetase, afkomstig uit de bodembacterie Nocardia (Amycolatopsis) 

lactamdurans (Nl), beschreven [19]. Dit enzym kan erg goed tot overexpressie 

worden gebracht in E. coli en via Ni2+ affiniteit chromatografie in nagenoeg zuivere 

vorm worden verkregen. Gezuiverd ACVS werd vervolgens gebruikt voor de in 

vitro productie van peptiden uit natuurlijke maar ook alternatieve substraten, 

om zo de activiteit en de specificiteit van elke module te onderzoeken. Om 

de vorming van peptiden in de verschillende reactiemengsels te detecteren, 

werd gebruik gemaakt van high performance liquid chromatography-mass 

spectrometry (LC-MS). Uit de behaalde resultaten kan worden afgeleid dat 

module 1 erg selectief is in substraat selectie, terwijl module 2 en 3 minder 

onderscheid maken. Over het algemeen worden voornamelijk varianten 

die structureel vergelijkbaar zijn met het natuurlijke substraat herkend en 

geactiveerd, waaruit men kan afleiden dat de ACVS vrij specifiek is in zijn 

activiteit.

Vervolgens is het bindingsplaats bevattende sub-domein van de eerste 

L-α-aminoadipaat-specifieke adenylatie domein van Nl ACVS vervangen, om 

zo de activatie van alternatieve substraten te realiseren. Dit zou dan moeten 

resulteren in de productie van nieuwe tri-peptiden, met als ultiem doel de 

productie van nieuwe β-lactam stoffen. Alle zogenoemde hybride ACVS’s 

konden met succes tot overexpressie worden gebracht en gezuiverd, maar 

helaas was er maar één actief. Bij dit specifieke ACVS was het bindingsplaats 

bevattende sub-domein vervangen met een homologe variant afkomstig uit 

de schimmel Penicillium rubens (voorheen P. chrysogenum), die hetzelfde 
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substraat activeert. Hieruit kan men afleiden dat het geringe succes van de 

engineering strategie naar alle waarschijnlijkheid wordt veroorzaakt door een 

te strikte chemie van de ACVS gekatalyseerde reacties en niet door de techniek 

zelf. Het L-α-aminoadipaat-specifieke adenylatie domein van ACVS is dan ook 

uniek en er zijn tot nog toe geen andere NRPS onderdelen bekend die een 

dergelijk substraat kunnen activeren. Bovendien vindt de activatie van L-α-

aminoadipaat plaats aan de zij-keten van de δ-carboxyl groep, waardoor er 

een niet-standaard peptide binding wordt gevormd met het tweede substraat 

L-cysteine. Alles tezamen hebben deze waarnemingen onze interesse gewekt 

om het mechanisme van de herkenning en activatie van L-α-aminoadipaat 

verder te onderzoeken.

Dit onderzoek wordt verder beschreven in hoofdstuk 3. Een van 

de grote doorbraken in het NRPS onderzoek was de identificatie van een 

zogenoemde “specificity-conferring code”, waarmee het binnen grenzen 

mogelijk werd de specificiteit van een adenylatie domein te voorspellen aan 

de hand van een unieke reeks van 10 aminozuren [7]. 

Over het algemeen zijn in de aminozuur activerende adenylatie 

domeinen asparagine zuur (D) en lysine (K) het eerste en laatste residu van 

de unieke aminozuur herkenningssequentie. Uit structuuronderzoek [20] 

is gebleken dat deze twee residuen een directe interactie aangaan met de 

α-amino en de α-carboxyl groep van het substraat. Deze twee aminozuren 

zijn dan ook essentieel voor enzymactiviteit. De lysine is direct betrokken bij 

de katalytische functie, doordat het de ATP en de α-carboxyl groep van het 

substraat coördineert, waardoor de adenylatie reactie kan plaatsvinden. De 

overige acht residuen zijn variabel en bepalend voor de specificiteit van het 

adenylatie domein.

In hoofdstuk 3 zijn bio-informatica en plaats-specifieke mutagenese 

gecombineerd, zodat het belang van de 10 unieke aminozuren die aanwezig 

zijn in het L-α-aminoadipaat-specifieke adenylatie domein van Nl ACVS kon 

worden onderzocht. Deze unieke reeks is sterk geconserveerd in ACVS’s 
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afkomstig uit allerlei organismen en bevat een glutaminezuur (E457 in Nl 

ACVS) als eerste residu, en de verwachte lysine als laatste residu (K752). Van 

de overige 8 aminozuren zijn er een aantal hydrofoob (waterafstotend), die 

naar alle waarschijnlijkheid een interactie aangaan met de koolstof atomen 

van het substraat. Daarnaast zijn er nog 3 aminozuren, namelijk arginine 461, 

asparagine 500 en glutaminezuur 546, die een polaire (wateraantrekkende) 

zijketen bevatten. Onderzoek heeft aangetoond dat het adenylatie domein 

een geconserveerde architectuur heeft samen met de bindingsplaats. Hierin 

bevinden de 3 hierboven genoemde aminozuren zich op de bodem van de 

bindingsplaats, waar ze mogelijk een cruciale interactie aangaan met het L-α-

aminoadipaat. Om deze mogelijke interacties verder te onderzoeken zijn een 

aantal mutanten gemaakt van deze drie residuen, alsmede mutanten van 

glutaminezuur 457 en lysine 752. Ondanks het feit dat glutaminezuur 457 

erg geconserveerd is, lijkt dit residu niet nodig te zijn voor enzym activiteit, 

terwijl arginine 461, arginine 546 en lysine 752 wel noodzakelijk blijken te 

zijn. Deze resultaten suggereren dat arginine 461 en glutaminezuur 546 een 

interactie aangaan met de α-carboxyl groep van het substraat, waarschijnlijk 

doormiddel van waterstofbruggen. Door deze interacties kan het substraat 

op de juiste plek worden gepositioneerd met de uitstekende zijketen aan 

de bovenzijde van de bindingsplaats. Hier kan dan vervolgens de adenylatie 

van de δ-carboxyl groep plaatsvinden, waarbij dus de katalytische lysine een 

essentiële rol speelt. 

Tijdens het bestuderen van module 1 van NI ACVS viel het op dat er een 

N-terminale aminozuursequentie aanwezig is die geen onderdeel is van het 

adenylatie domein. In hoofdstuk 4 is deze niet eerder geïdentificeerde regio, 

die aanwezig is de ACVS van zowel N. lactamdurans als P. rubens, onderzocht. 

Doormiddel van eiwit sequentie analyse werd duidelijk dat deze specifieke 

regio – tussen 220 en 300 aminozuren lang – gedeeltelijk overeenkomt met 

de familie van condensatie domeinen, maar dan slechts half zo lang. Vanwege 

deze overeenkomst wordt deze regio hierna als het C* domein aangeduid. 
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Verdere analyse laat zien dat ACVS’s van andere organismen ook zo’n zelfde 

regio lijken te bevatten. Dit is een interessante waarneming die erop wijst dat 

dit een zeer geconserveerd gedeelte van het enzym is met een nog onbekende 

functie. Ondanks de (gedeeltelijke) overeenkomst met condensatie domeinen 

hebben de C* domeinen geen standaard actief centrum. Om het belang van 

dit domein voor katalytische activiteit te onderzoeken zijn deletie varianten 

gemaakt, waarbij het C* domeinverwijderd is in vivo in P. rubens en in 

vitro met Nl ACVS. De activiteit van het enzym is vervolgens getest door de 

productie van penicilline, dan wel ACV tri-peptide te meten. In beide gevallen 

resulteerde de deletie van het C* domein in compleet inactieve mutanten 

wat er op duidt dat het domein essentieel is voor de functionaliteit van het 

enzym. Daarnaast werd in de in vitro reacties wel het tussenproduct, di-

peptide CV waargenomen. Aangezien de hoeveelheden CV vergelijkbaar zijn 

voor het wildtype ACVS en de deletie mutanten, lijkt het erop dat module 2 

en 3 geheel actief blijven, terwijl module 1 volledig inactief wordt door de 

aangebrachte deletie. Desondanks, blijft de exacte functie van het C* domein 

vooralsnog onduidelijk, al toont de conservatie in alle ACVS’s het belang 

aan van dit domein. Mogelijk speelt het C* domein een rol in het binden en 

juist oriënteren van de L-α-aminoadipaat in de bindingsplaats van het eerste 

adenylatie domein, of het is betrokken bij de activatie van dat domein.

Alles tezamen leiden de resultaten die beschreven staan in dit 

proefschrift tot nieuwe kennis over de werking van ACVS enzymen, waarin 

de L-α-aminoadipaat-activerende module 1 centraal staat. Deze module valt 

niet alleen op doordat hij uniek is onder de leden van de NRPS familie, maar 

ook vanwege de biotechnologische potentie van deze module. Dat blijkt wel 

uit het feit dat de zijketen van L-α-aminoadipaat in de b-lactam precursor iso-

penicilline N vervangen wordt door alternatieve zuren gedurende de synthese 

van andere penicilline antibiotica die anders op semisynthetische wijze worden 

geproduceerd [16]. Als men in staat zou zijn om ACVS zo te modificeren 

dat op deze eerste positie nieuwe substraten kunnen worden geactiveerd 
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en geïncorporeerd, dan zouden nieuwe penicilline antibiotica kunnen worden 

gefabriceerd zonder dat additionele zijketen vervangende enzymen nodig 

zijn. Tegelijkertijd zouden dan ook een aantal dure, arbeidsintensieve 

en niet-duurzame chemische processen die nu worden toegepast voor de 

semisynthetische synthese van penicilline kunnen worden vervangen door 

een compleet, op fermentatie gebaseerd, synthese proces. Hierbij zijn dan 

slechts twee enzymatische stappen nodig: de synthese van de tri-peptide 

precursor die al de juiste zijgroep bevat, en de  daaropvolgende ringvorming 

die gekatalyseerd wordt door een tweede enzym.  

Om deze doelen te realiseren zal er nog veel werk moeten worden 

verzet. Met name het condensatie domein van module 2, verantwoordelijk 

voor de koppeling tussen L-α-aminoadipaat en L-cysteine, moet verder 

worden onderzocht. Naar alle waarschijnlijkheid zal ook in dit geval de 

vorming van de peptide binding via een uniek mechanisme verlopen. 

Bovendien lijken condensatie domeinen een sterke poortwachter functie te 

hebben gedurende NRP synthese [21,22]. Dit zou dan elke poging tot het 

modificeren van module 1 zinloos maken. Uiteindelijk zal de beschikbaarheid 

van een kristalstructuur van een complete ACVS of enkele kritieke domeinen 

– idealiter gebonden aan substraten – essentieel zijn om ACV synthese en 

de onderliggende mechanismen volledig te begrijpen. Deze kennis zou een 

enorme stap voorwaarts zijn voor het ontwikkelen van nieuwe modificatie 

strategieën.      
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Riassunto

Riassunto breve
Dalla loro prima scoperta nel ventesimo secolo, i metaboliti secondari (SM: 

Secondary Metabolite) sono stati utilizzati dall’uomo per diverse applicazioni, 

ad esempio come sostanze medicinali, pigmenti, aromi o insetticidi [1]. 

Attualmente, i peptidi non-ribosomiali (NRP: NonRibosomal Peptide) fanno 

parte di una delle principali classi di SM prodotti a livello industriale utilizzando 

batteri e funghi filamentosi. Alcuni degli esempi piú noti sono gli antibiotici 

penicillina (e derivati), vancomicina e gramicidina, l’immunosoppressore 

ciclosporina e la bleomicina, una molecola antitumorale [2,3]. Gli NRP sono 

sintetizzati dalle sintetasi peptidiche non-ribosomiali (NRPS: NonRibosomal 

Peptide Synthetase), grossi enzimi multimodulari che svolgono entrambi i 

ruoli di macchinari per l’assemblaggio e di templato per la sintesi [4–6].

Negli ultimi decenni, molti degli aspetti fondamentali del meccanismo di 

sintesi sono stati ampiamente delucidati, cosí come alcune delle caratteristiche 

strutturali delle NRPS [7–11], con l’obbiettivo finale di igegnerizzare questi 

enzimi per modificare la specificitá di substrato e sintetizzare nuovi tipi di 

peptidi. Negli anni, numerose strategie sono state sviluppate e testate per 

raggiungere questo obbiettivo, tra cui mutagenesi sito specifica dei residui 

dei siti attivi, evoluzione diretta e la sostituzione di interi moduli o domini 

delle proteine. Tuttavia, la maggior parte delle NRPS ibride prodotte da questi 

esperimenti non si é rivelata in grado di produrre quantitá sufficienti del 

prodotto desiderato [12]. Questi risultati sono probabilmente dovuti al fatto 

che le interazioni tra i moduli e i singoli domini funzionali delle NRPS possono 

essere danneggiate durante il processo di ingegnerizzazione. In alcuni lavori 

recenti [13–15], infatti, é stato dimostrato che questo tipo di interazioni é 

fondamentale per la funzionalitá di tutto l’enzima. Nonostante i numerosi 

progressi nel campo, la ricerca é ancora lontana dallo sviluppare un approccio 

universale di tipo “plug-and-play” (=”combina-e-usa”), che permetterebbe di 

sfruttare a pieno il potenziale biotecnologico delle sintetasi peptidiche non-

ribosomiali.
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In questa tesi, abbiamo investigato alcuni degli aspetti fondamentali della 

sintesi del tripeptide L-δ-(α-aminoadipoyl)-L-cysteinyl-D-valine (ACV). Questo 

peptide é prodotto dall’enzima ACV sintetasi (ACVS)—una  NRPS trimodulare 

unica nel suo genere—e funge da precursore per la sintesi di tutti gli antibiotici 

β-lattamici [16].

Nel loro insieme, i risultati descritti nei capitoli di questa tesi espandono 

la conoscenza delle ACVS, ed in particolare del meccanismo di attivazione 

dell’acido α-amminoadipico (primo substrato dell’enzima), meccanismo 

che appare unico nel suo genere. A parte ció, l’enzima ACVS attira grande 

interesse per il suo enorme potenziale biotecnologico. Se riuscissimo a 

modificare questi enzimi in modo che siano in grado di attivare nuovi substrati, 

teoricamente potremmo ottenere nuovi antibiotici β-lattamici in modo rapido 

ed efficace. Conseguentemente, potremmo rimpiazzare alcuni dei processi 

chimici (costosi e complicati) che vengono tuttora utilizzati per la sintesi di 

penicilline semi-sintetiche con un processo di sintesi fermentativo basato 

su due semplici steps enzimatici: la sintesi del tripeptide precursore che giá 

possiede le desiderate caratteristiche chimiche ad opera dell’ACVS modificata, 

e la formazione dell’anello β-lattamico catalizzata da un secondo enzima. 

Per raggiungere questi obbiettivi peró, c’é ancora molto da fare. 

In particolare, il dominio di condensazione del modulo 2, dove l’acido 

α-amminoadipico e la L-cisteina (secondo substrato dell’enzima) vengono 

collegati tramite la formazione di un legame peptidico, dovrebbe essere 

investigato a sua volta. É molto probabile, infatti, che il meccanismo di 

formazione del legame peptidico sia anche in questo caso un processo unico 

nel suo genere. In definitiva, risolvere la struttura tridimensionale della 

ACVS o anche solo di alcuni dei sui domini funzionali—idealmente con i 

loro substrati presenti—fornirebbe informazioni essenziali per comprendere 

appieno i meccanismi di sintesi del tripeptide ACV. Questa conoscenza 

potrebbe costituire il trampolino di lancio definitivo per lo sviluppo di strategie 

di ingegneria proteica di successo.
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