
 

 

 University of Groningen

ACV synthetase: a unique member of the nonribosomal peptide synthetases family
Iacovelli, Riccardo

DOI:
10.33612/diss.156838414

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Iacovelli, R. (2021). ACV synthetase: a unique member of the nonribosomal peptide synthetases family.
[Thesis fully internal (DIV), University of Groningen]. University of Groningen.
https://doi.org/10.33612/diss.156838414

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.156838414
https://research.rug.nl/en/publications/fc5fb5e9-0504-4e6d-b4ad-66726219dca3
https://doi.org/10.33612/diss.156838414




89

3Investigations on the binding 
pocket of the L-α-aminoadipic 
acid-specific adenylation domain 
of the Nocardia lactamdurans 
ACV synthetase
Riccardo Iacovelli1, Alex Prats Luján1,#, Greetje Berrelkamp1, Roel A. L. 

Bovenberg2,3, and Arnold J. M. Driessen1

1Department of Molecular Microbiology, Groningen Biomolecular Sciences and 

Biotechnology Institute, University of Groningen, 9747 AG Groningen, The 

Netherlands 

2Synthetic Biology and Cell Engineering, Groningen Biomolecular Sciences and 

Biotechnology Institute, University of Groningen, 9747 AG Groningen, The 

Netherlands 

3DSM Biotechnology Centre, 2613 AX Delft, The Netherlands 

#Current address: Department of Chemical and Pharmaceutical Biology, 

Groningen Research Institute of Pharmacy, University of Groningen, 9713 AV 

Groningen, The Netherlands;

Chapter 3

To be submitted.



90

3

Investigations on the binding pocket of Nl ACVS M1

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 

3
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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
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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.



95

Fi
g

u
re

 2
. 

A
n

al
ys

is
 o

f 
A

C
V

S
 M

1
 A

L-
α

-a
aa

 s
ig

n
at

u
re

 s
eq

u
en

ce
. 

(A
) 

Ex
tr

ac
tio

n 
of

 p
ut

at
iv

e 
bi

nd
in

g 
po

ck
et

 r
es

id
ue

s 
fr

om
 t

he
 p

ri
m

ar
y 

se
qu

en
ce

 o
f t

he
 p

ro
te

in
, 
as

 d
es

cr
ib

ed
 b

y 
S
ta

ch
el

ha
us

 a
nd

 c
ol

le
ag

ue
s 

(1
2)

. 
M

ul
ti-

al
ig

nm
en

t 
an

al
ys

is
 s

ho
w

s 
a 

hi
gh

 le
ve

l o
f c

on
se

rv
at

io
n 

be
tw

ee
n 

di
ff
er

en
t 

m
em

be
rs

 o
f 

th
e 

A
C
V
S
 f

am
ily

 i
n 

th
is

 p
ar

tic
ul

ar
 s

tr
et

ch
 o

f 
se

qu
en

ce
. 

(B
) 

S
eq

ue
nc

e 
lo

go
 o

f 
th

e 
si

gn
at

ur
e 

se
qu

en
ce

 

fo
r 

A
C
V
S
 e

nz
ym

es
. 

(C
) 

2D
 r

ep
re

se
nt

at
io

n 
of

 A
C
V
S
 M

1 
A

L-
α-

aa
a 

bi
nd

in
g 

po
ck

et
, 

ba
se

d 
on

 p
re

vi
ou

s 
st

ru
ct

ur
al

 s
tu

di
es

 a
nd

 g
en

er
al

 N
R
PS

 

ac
tiv

e 
si

te
 m

od
el

in
g 

[5
, 

11
, 

12
, 

31
, 

37
]

3



96

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 

3
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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 

3
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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

Investigations on the binding pocket of Nl ACVS M1

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.

3
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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, 

3
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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. 

3
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