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The CoA ligase from Metallosphaera sedula (MsACL) can be used for the
chemoenzymatic synthesis of amides from carboxylic acids. In this CoA-
independent conversion, the enzyme catalyzes the adenylation of a carboxylic
acid with the help of ATP, followed by the uncatalyzed cleavage of acyl-AMP by a
nucleophilic amine to yield an amide. With ω-amino acids as substrates this
reaction may result in formation of lactams, but unfortunately the substrate
preference of the wild-type enzyme is rather limited. To allow structure-based
protein engineering and expand the substrate scope of the enzyme, crystal
structures of MsACL were solved in the thioesterification conformational state
with AMP, CoA andwith the reaction intermediate acetyl-AMP bound in the active
site. Using substrate docking and by comparing the crystals structures and
sequence of MsACL to those of related CoA ligases, mutations were predicted
which increase the affinity in the carboxylic acid binding pocket for ω-amino
acids. The resulting mutations transformed a non-active enzyme into an active
enzyme for ε-caprolactam synthesis, highlighting the potential of the
thermophilic CoA ligase for this synthetic and biotechnologically
relevant reaction.

KEYWORDS

CoA ligase, enzyme structure, protein engineering, lactams, chemoenzymatic synthesis,
biocatalysis

1 Introduction

Carboxylic acid-CoA ligases (also referred to as acyl/aroyl-CoA ligases or ACLs)
catalyze the ATP-dependent conversion of carboxylic acids into acyl/aroyl-CoA
thioesters (D’Ambrosio and Derbyshire, 2020). Belonging to the ANL (acyl-CoA
synthetase, nonribosomal peptide synthetase, luciferase) enzyme superfamily, ACLs
share similar structures and catalytic mechanisms, despite low sequence identities and
varying substrate specificities (Gulick, 2009; Schmelz and Naismith, 2009; Clark et al.,
2018). Typically, ACLs consist of a monomeric architecture, comprised of a large
N-terminal domain and a smaller C-terminal domain connected by a flexible linker,
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with the active site situated at the domain interface. Catalysis proceeds
in two distinct steps: ATP and the carboxylic acid substrate first
combine to form a high-energy adenylate intermediate. In the second
step, CoA reacts with this intermediate, yielding a CoA-thioester
conjugate (Figure 1A). These steps involve a substantial reorientation
of the C-terminal domain relative to the N-terminal domain, resulting
in two main conformational states of the protein tuned to either
catalyze the first reaction step (adenylate-forming state) or the second
reaction step (thioester-forming state), the latter corresponding to the
protein’s resting state (Wu et al., 2009; Chen et al., 2015; Li and Nair,
2015; Chen et al., 2017). The catalytic mechanism of ACLs is further
distinguished by the dynamic creation of binding sites for the
carboxylic acid substrate and ATP-Mg2+ in the adenylate-forming
state, and for the acyl/aroyl-AMP intermediate and CoA in the
thioester-forming state.

A hydrophobic pocket designed for accommodating the acyl/aroyl
moiety of the carboxylic acid substrate plays a pivotal role in
determining substrate specificity. The shape and chemical nature of
this pocket allow ACLs to select substrates based on their length, extent
of branching, or presence of an aromatic group (Ingram-Smith et al.,
2006; Reger et al., 2007; Shah et al., 2009; Sofeo et al., 2019). Short chain
acyl-CoA ligases, whose preferred substrates are acetate and propionate,
have a very shallow pocket that is typically enclosed at the base by a
conserved tryptophan residue. In aryl and medium chain acyl-CoA
ligases this conserved tryptophan residue is replaced by a glycine
residue, creating a deeper binding pocket for binding aromatic
carboxylic acids, medium sized fatty acids or branched carboxylic
acids. Long chain ACLs use an exceptionally spacious hydrophobic
acyl binding pocket for binding long fatty acids.

ACLs have garnered significant interest due to their potential in
aiding the synthesis of amides and lactams (Caruano et al., 2016;
Winnacker and Rieger, 2016; Zhang et al., 2017; Sibikin and Karger-
Kocsis, 2018; Stockmann et al., 2020). Amides are crucial precursors for

fine chemical and pharmaceutical production, while lactams, such as ε-
caprolactam, are essential for nylon polymer manufacturing (Caruano
et al., 2016;Winnacker and Rieger, 2016; Zhang et al., 2017; Sibikin and
Karger-Kocsis, 2018; Stockmann et al., 2020). Synthesis of amides can
be accomplished chemoenzymatically via uncatalyzed amine addition
and cleavage of the acyl-CoA product released by ACL, or by amine
addition to the acyl-adenylate intermediate, skipping substrate
activation by CoA which is an expensive and poorly available
substrate (Figure 1B). (Lelièvre et al., 2020) Thus, ACLs may
convert ω-amino acids to lactams, by catalyzing the formation of ω-
amino acyl adenylates, which then, in the case of five to seven
membered chain lengths, undergo spontaneous intramolecular
aminolysis of the phosphoester bond (Figure 1C). (Qin et al., 2022)
In this way 4-aminobutyric acid, 5-aminopentanoic acid and 6-
aminohexanoic acid can be converted into lactams from five to
seven membered ring, γ-butyrolactam, δ-valerolactam and ε-
caprolactam, respectively. The availability of a chemoenzymatic
route towards lactam production would offer clear environmental
and economic advantages, as current industrial processes for lactam
production rely heavily on petrochemical resources. Unfortunately, the
substrate preferences of many native ACLs, particularly for
hydrophobic carboxylic acids of specific lengths, as well as their
limited thermostability, hinder their direct application in
biotechnological lactam production process.

Optimizing the acyl-binding pockets of ACLs by structure-
guided protein engineering to change their substrate scope, in
particular for converting ω-amino acid substrates to lactams,
would increase the applicability of these enzymes. A promising
candidate for such an approach is the promiscuous propionate-CoA
ligase isolated from Metallosphaera sedula (MsACL, Uniprot ID:
A4YDT1). This thermophilic enzyme prefers propionate as
substrate, but also shows activity towards longer linear carboxylic
acids, up to hexanoic acid, and towards 3-hydroxy-propanoic acid

FIGURE 1
Carboxylic acid CoA ligase activities. (A) The native two-step reaction catalyzed by ACLs. (B, C). Amide and lactam formation by chemoenzymatic
two-step reaction catalyzed by MsACL; (B): previous work; (C): this work.
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and 4-hydroxybutyric acid, which have structural features in
common with short ω-amino acids (Hawkins et al., 2013;
Hawkins et al., 2014). Importantly, it has been demonstrated that
MsACL can be used in chemoenzymatic reactions for converting
carboxylic acid substrates into amides (Hawkins et al., 2013;
Hawkins et al., 2014; Lelièvre et al., 2020). Its thermoactivity and
stability allow these reactions to run at high temperature, which is
highly favorable for the intramolecular aminolysis reaction step
leading to lactam formation. Unfortunately, activity with substrates
larger than butyric acid is low, which renders the wild-type enzyme
unsuitable for the synthesis of lactams.

In this work we focused on modifying the acyl binding pocket of
MsACL to accommodate larger andmore polar carboxylated substrates,
including ω-amino acids, to expand its applicability in lactam synthesis.
Initially, we employed X-ray crystallography to determine three-
dimensional structures of MsACL in a thioesterification state with
bound acetyl-AMP and CoA. By comparing these structures with
related ACLs and conducting molecular docking simulations with
adenylated substrate intermediates, we gained insight into key
residues shaping the acyl-binding pocket and determining substrate
specificity. This insight guided the rational prediction of mutations to
broaden MsACL’s substrate scope. Some of the resultant MsACL
variants exhibited increased activity with ω-amino acids, particularly
towards 6-aminohexanoic acid, precursor of ε-caprolactam, enabling
promising application in lactam synthesis.

2 Materials and methods

2.1 Chemicals and equipment

All reagents were purchased from commercial sources and used
without additional purification, except N-methylamides which were
synthesized according to a previously described protocol (Sibikin
and Karger-Kocsis, 2018). Structures were confirmed by 1H-NMR
and 13C-NMR.

UHPLC-MS analyses were performed on a UHPLC U3000 RS
1034 bar instrument (Thermo Fischer Scientific) coupled to an
MSQ Plus Single Quadrupole mass spectrometer with
electrospray ESI in positive mode for amide detection with the
probe temperature at 450 °C and cone voltage at 50 V. For
detection of lactams, the UPLC was coupled to an ISQ EM
Single Quadrupole mass spectrometer with APCI in positive
mode with the probe current at 15 μA, the source CID voltage
at 60V, the vaporization temperature set at 200°C and the Ion
Transfer Tube (ITT) set at 300°C. Spectrophotometric assays
were done on a Safas UVMC2 spectrophotometer thermostated
at the indicated temperature with a refrigerated/heating
circulator Corio CD-200F (Jubalo) using high-precision quartz
microcells with 10-mm light path (Hellma Analytics).

2.2 Protein expression and purification

The CoA ligase was produced as described previously (Vergne-
Vaxelaire et al., 2013). It was purified by loading cell-free extract
onto a Ni-NTA column (QIAGEN) according to the
manufacturer’s instructions. The elution buffer was 50 mM

phosphate (pH 7.5), 50 mM NaCl, 250 mM imidazole and 10%
glycerol and the desalting buffer was 50 mM sodium potassium
phosphate (pH 7.5), 50 mM NaCl and 10% glycerol. Large-scale
purification was conducted from a 500 mL culture by nickel
affinity chromatography in tandem with a HiPrep 26/10
(Cytiva) desalting column as described elsewhere (Perchat et al.,
2018). Protein concentrations were determined by the Bradford
method with bovine serum albumin as the standard. Protein purity
was analyzed by SDS-PAGE using the Invitrogen NuPage system.
The purified protein was stored at −80 °C. Purified MsACL in
50 mM phosphate buffer, pH 7.5, 50 mM NaCl, 10% glycerol was
obtained and used for assays and crystallization.

2.3 Generation of mutants and expression

The QuikChange II site-directed mutagenesis kit (Agilent) and
the QuikChange multisite-directed mutagenesis kit (Agilent) were
used according to manufacturer’s instructions for introducing
mutations. Successful cloning and mutagenesis were confirmed
by sequencing. The mutants were produced in E. coli BL-21
CodonPlus (DE3) RIPL and purified by nickel affinity
chromatography with an Ni-NTA column (Qiagen) according to
the manufacturer’s instructions as described above.

2.4 Crystallization

To prepare the protein for crystallization screening, an additional
cation-exchange chromatography step was carried out at 4°C using a
MonoS 5/55 HR column (Cytiva) equilibrated with 25 mMN,N-bis(2-
hydroxyethyl)-2-aminoethanesulfonic acid (BES), pH 6.5. Before
loading, the sample was diluted 3-fold to reduce the salt
concentration and assure binding to the column. Elution was
performed with a linear gradient of 0–1M NaCl in 25 mM BES,
pH 6.5, applied in 20 column volumes. The protein eluted as a
single sharp peak at 250 mM NaCl, with a purity of at least 95%, as
assessed by SDS-PAGE. Dynamic light scattering analysis was used to
assure that the purified protein sample was sufficiently monodisperse
and revealed an apparent molecular mass of the protein particles of
52 kDa, consistent with the presence of monomers.

Prior to crystallization screening, aliquots of the protein were
incubated for 2 h with different combinations of ligands (Table 1),
with the aim to trap the enzyme in different catalytic states.
Crystallization screening was carried out at 20 °C using the sitting-
drop vapour diffusion method, with the help of a Mosquito
crystallization robot and applying different sparse-matrix crystal
screens. Drops were dispensed in MRC-SD2 plates by mixing
protein and reservoir solutions at two different ratios (1.25:
0.75 and 0.75:1.25) to a final volume of 200 nL. Small, intergrown
crystals appeared after 48 h at a few different crystallization
conditions. The best crystals grew in solution containing 0.1 M
acetic acid, pH 5.2, 200 mM NaCl, 7%–10% PEG3350, with all
ligand combinations, but mostly appeared intergrown.
Optimization was carried out by varying protein concentration,
temperature, use of additives and changing the protein:reservoir
ratio during drop mixing, as well as by exploring seeding, but the
morphology of the crystals was not improved.
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2.5 Crystal structure determination

Various crystals grown with different combinations of ligands were
tested for X-ray diffraction at the Diamond Light Source (DLS)
synchrotron in Oxfordshire, UK, and at the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France. Most crystals displayed
very poor diffraction. A suitable X-ray diffraction data set to 2.8 Å
resolution was collected at beamline i04 of the DLS for aMsACL crystal
grown in the presence of 5 mM ATP and 5 mM MgCl2 using a
crystallization solution containing 0.1 M acetic acid, pH 5.2, 200 mM
NaCl and 8% PEG3350. At the same beamline, an additional data set to
3.1 Å resolution was collected with a similar MsACL crystal grown in
the presence of 5 mMATP, 5 mMMgCl2 and 5 mMCoA. Prior to data
collection, the crystals were briefly soaked in a cryoprotectant solution
containing the mother liquor and 30% v/v glycerol.

Diffraction data for the crystal obtained in the presence of ATP and
MgCl2 were indexed and integrated using xia2-DIALS in space group
P21, then scaled and merged with Aimless (Evans and Murshudov,
2013; Winter et al., 2018). The asymmetric unit was estimated to
contain four proteinmolecules with aMatthews coefficient of 2.24 and a
solvent content of 45%. Molecular replacement was carried out using
Phaser, using a crystal structure of human ACSM2A as a search model
(PDB ID: 3B7W, 33% sequence identity) (McCoy et al., 2007). We
followed a 2-step molecular replacement strategy adapted for dealing
with the intrinsic flexibility of the protein. First, a rotational and
positional search was carried out only for the bulk N-terminal
domains of the protein molecules in the asymmetric unit, followed
by a rotational and positional search for the C-terminal domains.
Subsequently, using the CCP4Cloud suite, phases were improved by
density modification using Parrot and an initial protein model was
automatically built with Buccaneer (Cowtan, 2006; Cowtan, 2010;
Krissinel et al., 2018). Several iterations of restrained refinement
with REFMAC5 (Murshudov et al., 2011) alternated by manual
model building with Coot (Emsley and Cowtan, 2004) were
necessary to improve the structure. We used an AlphaFold model of
the protein, calculated using the ColabFold internet scripts (Mirdita
et al., 2022) and Phenix. refine (Afonine et al., 2012), to improve the
protein areas which were poorly resolved in the electron density maps.
AMP molecules were placed in the active sites of the four molecules
based on difference electron density maps. No ATP molecules or
magnesium ions were found in the active sites. For one of the
bound AMPs (in the active site of protein molecule B), the electron

density map clearly indicated the presence of a small adduct attached to
one of the phosphate oxygens, whichwe interpreted as an acetyl moiety.
Thus, one acetyl-AMP was included during the final rounds of model
building and refinement.

Diffraction data for the second crystal were autoprocessed with
the autoPROC (Vonrhein et al., 2011) scripts installed at DLS. This
crystal belonged to space group C2 with two protein molecules in the
asymmetric unit and a solvent content of 51%. The structure was
determined by molecular replacement using one of the MsACL
molecules from the first crystal structure as a search model. The
electron density maps clearly indicated the presence of bound
acetyl-AMP and CoA in both protein molecules. CoA was added
using Coot and the structure was completed using a few cycles of
restrained refinement with REFMAC5 and model building with
Coot. A summary of the crystallographic statistics is shown in
Table 2. Figures were generated with PyMOL
(Schrödinger, 2010).

2.6 Docking simulations

Target ligands for docking were designed using the JSME structure
editor (Bienfait and Ertl, 2013) and energy minimized using
AVOGADRO (Hanwell et al., 2012). The protein molecule in the
2.8 Å crystal structure ofMsACLwith a bound acetyl-AMPwas used as
a template for the receptor. The acetyl-AMP was removed from the
crystal structure and mutationW259G was introduced using Coot. The
MsACL-W259G protein model and simulation cell for docking were
further prepared using YASARA (Krieger and Vriend, 2014). Both the
receptor and the ligand were subjected to energy minimization in
YASARA prior to the simulations. Docking simulations were carried
out with AutoDock Vina using the macro “dock_run.mcr” provided
with the YASARA software (Trott and Olson, 2010; Eberhardt et al.,
2021). The number of docking runs was set to 250 and the protein
model was kept rigid during the docking, except for the side chains of
solvent-accessible residues at the acyl-binding pocket (i.e., residues
V/T238, W254, A255, K256, W/G259, A327, F/Y350; residues are
numbered considering the N-terminal His6-tag). Docked ligand poses
were automatically clustered using a cut-off RSMD of 2 Å. Manual
rescoring was carried out to select the best poses, ensuring that the
binding mode of the AMP moieties in the docked acyl-AMP ligands
was similar to that observed in the crystal structure.

TABLE 1 Ligand combination used for co-crystallization experiments.

Ligands added Ligand conc. (mM) Protein conc. (mg · ml-1) Comment

ATP + MgCl2 5 8 Structure solved

ATP + MgCl2+CoA 5 8 Structure solved

ATP + MgCl2+butyric acid 5 8 Crystals formed, poor data

AMP + CoA 5 8 Crystals formed, poor data

AMPPNP + MgCl2 5 8 Crystals formed, poor data

AMP 5 8 Crystals formed, poor data

ATP 5 8 Crystals formed, poor data

CoA 5 8 Crystals formed, poor data
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2.7 UHPLC-MS analysis

Analysis of lactams by UHPLC-MS (APCI) was performed using a
Luna Omega Polar-C18 (Phenomenex) column (100 × 2.1 mm;
1.6 μm). Analytical yields were calculated using calibration curves
obtained in duplicate with γ-butyrolactam, δ-valerolactam and ε-
caprolactam done in presence of various amounts of lactams
incubated and treated in same conditions as the biocatalytic
reactions for lactam synthesis.

UHPLC-MS (ESI) analysis of N-methylamides was performed using
a Kinetex EVO-C18 (Phenomenex) column (100 × 2.1 mm; 1.7 μm.
Analytical yields were calculated using calibration curves measured in
duplicate with synthesized N-methylamides incubated and treated in the
same conditions as the biocatalytic reaction for amide bond synthesis.

2.8 Biocatalytic reactions

For reaction with MsACL and mutants, both MnCl2 and MgCl2
can be used interchangeably. Reaction mixtures with ω-amino acid
substrates were carried out in mixtures (100 μL) containing 5 mM ω-
amino acid, 5 mM ATP and 5 mM MnCl2 in 50 mM 3-
(N-morpholino)propane sulfonic acid (MOPS) buffer (pH 8.5) with
2 mg/mL of purified enzyme. The reactions were stirred at 400 rpm in
an Eppendorf ThermoMixer at 60 °C for 24 h. Negative controls
without enzyme or substrate were performed in parallel. Aliquots of
30 μL were withdrawn, quenched with 2 μL of 6M HCl solution and
diluted with 110 μL CH3OH. After filtration on a 0.22 μm filter, the
sample was analysed by UHPLC-MS using conditions described above
for lactam detection.

TABLE 2 Crystallographic data collection and refinement statistics for MsACL.

Acetyl-AMP-bound Acetyl-AMP/CoA-bound

Data collection

Beamline DLS i04 DLS i04

Wavelength (Å) 0.9795 0.9763

Space group P21 C2

Unit cell dimensions
a,b,c (Å)
β (o)

100.9, 88.3, 131.2
93.0

105.6, 93.0, 131.5
91.1

Resolution range (Å)* 66.4–2.80 (2.88–2.80) 62.0–3.1 (3.3–3.1)

Total observations* 173698 (13460) 79305 (14154)

Unique reflections* 56858 (4642) 23358 (4194)

<I/σ>* 3.2 (1.0) 4.2 (1.0)

CC(1/2)* 0.934 (0.474) 0.981 (0.728)

Completeness (%)* 99.7 (99.9) 99.9 (99.9)

Rmerge* 0.217 (0.990) 0.207 (1.132)

Rmeas* 0.234 (1.156) 0.246 (1.350)

Rpim* 0.165 (0.817) 0.132 (0.728)

Refinement

Rwork/Rfree
# 0.23/0.27 0.21/0.28

Number of non-H atoms in AU
protein
ligand

18032
109

9027
162

Average B (Å2) 60.4 85.6

RMSD
Bond lengths (Å)
Bond angles (°)

0.010
2.0

0.009
2.0

Ramachandran plot
% favoured, outliers 95, 0.0 91.8, 0.2

Molprobity score 2.22 2.75

PDB entry 8BIQ 8BIT

AU is asymmetric unit.

*Values in parentheses correspond to highest resolution shell.
#Rfree is calculated as Rwork using 5% of all reflections randomly chosen, which were excluded from structure refinement.
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Reactions with carboxylic acid substrates (50 μL) contained
5 mM carboxylic acid, 5 mM ATP, 5 mM MgCl2 and 50 mM
methylamine in 50 mM phosphate buffer (pH 8). Reactions were
started by adding 0.2 mg/mL of purified enzyme. The mixtures
were stirred at 400 rpm in a ThermoMixer at 60 °C for 24 h.
Negative controls without enzyme or substrate were performed in
parallel. Aliquots of 30 μL were withdrawn, quenched with 2 μL
6M HCl and diluted with 100 μL H2O. After filtration on a
0.22 μm filter, samples were analysed by UHPLC-MS.

2.9 Activity assays and determination of
kinetic parameters

All reactions were conducted in duplicate. Specific activities of
MsACL and variants for the carboxylic acid substrates were
determined by a NADH-pyrophosphate coupled assay (Sigma-
Aldrich). Pyrophosphate (PPi) formation is coupled to the
consumption of NADH by four enzymatic steps allowing
spectrophotometric monitoring at 340 nm (Gulick et al., 2003).
The reactions were performed at 60 °C in Tris-HCl buffer,
pH 7.5, in a final volume of 60 μL containing 5 mM substrate,
2 mM ATP, 5 mM MnCl2 and 50 mM methylamine. Tris-HCl
buffer at pH 7.5 gave a lower absorbance background than other
buffers or pH values (data not shown). Reactions were initiated by
addition of the appropriate amount of enzyme. Aliquots (15 µL)
were withdrawn at different times and transferred to a 10 mm
cuvette containing 85 μL of the NADH-pyrophosphate assay
mixture previously heated at 37 °C. Monitoring of NADH
disappearance at 340 nm was used to determine the specific
activity of the enzyme, according to the supplier’s instructions.

Kinetic parameters of MsACL and variants for the ω-amino
carboxylic acid substrates and ATP were determined using the same
conditions, with varying concentrations of ω-amino carboxylic acid
and without methylamine. Reaction mixtures (40 μL) were
preincubated at 60 °C for 3 min prior to addition of enzymes,
after which incubation was continued for 30 min at 60 °C. After
cooling on ice, the reaction mixture was transferred to a 10 mm
cuvette containing 110 μL of the NADH-pyrophosphate assay
mixture. Initial rates of NADH disappearance were measured at
37 °C and 340 nm. Michaelis-Menten kinetic parameters were
calculated from initial rates obtained with varying concentrations
of substrate and saturating or optimal concentrations of the other
substrates.

3 Results

3.1 Crystal structures of MsACL in the
thioesterification state with bound acetyl-
AMP and CoA

In order to trap MsACL in a functionally relevant state, protein
crystallization screening was performed in the presence of different
combinations of the ligands ATP, AMP, CoA and Mg2+. Crystals
grew in acetate buffer, pH 5.2, in the presence of ATP and MgCl2 or
in the presence of ATP, MgCl2 and CoA, allowing two structures to
be determined at 2.8 Å and 3.1 Å resolution, respectively (Table 2;

Figure 2). The crystal structure of MsACL obtained by co-
crystallization with ATP and MgCl2 belongs to space group P21
and contains four protein molecules in the asymmetric unit (solvent
content of 45%). MsACL adopts the characteristic two-domain fold
of ATP-dependent ACLs (Kochan et al., 2009; Shah et al., 2009),
consisting of a large N-terminal domain (residues 16–449; sequence
numbering includes the N-terminal (His)6 tag) and a small
C-terminal domain (residues 455-570), connected by a small
hinge region (residues 450-455). A structural comparison of
MsACL with other ACLs shows that the ligase is in the thioester-
forming conformational state (Kochan et al., 2009). Surprisingly,
inspection of the electron density map indicated that three protein
molecules in the asymmetric unit contain a bound AMP molecule,
instead of ATP, while one protein molecule has an acetyl-AMP
bound in the active site (Figure 2B). Thus, it appears that the enzyme
converted the acetate and ATP in the crystallization solution to
acetyl-AMP prior to forming crystals. The apparent presence of
AMP in three protein molecules may be an artifact of the low
resolution of the X-ray diffraction data, which results in the small
acetyl group being poorly resolved in the electron density map. The
crystal structure ofMsACL obtained by co-crystallization with ATP,
MgCl2 and CoA also revealed enzymatic conversion of acetate and
ATP to acetyl-AMP. This 3.1 Å crystal structure belongs to space
group C2 and contains two protein molecules in the asymmetric unit
(solvent content of 45%). The overall conformations of the protein
molecules are identical to those in the 2.8 Å structure, but in
addition to acetyl-AMP each protein molecule contains a bound
molecule of CoA (Figure 2C), confirming that MsACL was trapped
in a functionally relevant state.

3.2 Homology with acyl/aroyl-ACLs

To establish the overall structural relationships betweenMsACL
and related CoA ligases with known structures, a BLAST search was
performed against the protein sequences in the Protein Data Bank. A
total of 59 unique proteins were identified, 36 being annotated as
acyl/aryl-CoA ligases (sequence identities with MsACL ranging
between 22%–38%), while the others are luciferases or
adenylation domains of nonribosomal peptide synthetases. A
selection of five acyl/aroyl-CoA ligases homologous to MsACL is
listed in Tables 3, 4. The selected ACLs, with a sequence identity to
MsACL of 30%–38%, have been crystallized in the thioester-forming
state, showing similar overall Cα-backbone conformations. These
enzymes are well characterized in terms of substrate preference. The
closest MsACL homolog (38% sequence identity) is the acyl-CoA
ligase from Methanosarcina acetivorans (MaACL, PDB entry
3ETC.) (Shah et al., 2009), which belongs to the medium chain
ACL class and utilizes 2-methylbutyrate as the preferred substrate
(Meng et al., 2010). The human acyl-CoA synthetase ACSM2A (here
abbreviated as HsACL, PDB entry 2WD9) also belongs to the
medium chain ACLs, but has a wider substrate scope as it is able
to convert longer fatty acids, up to decanoic acid (C10), and
aromatic carboxylated substrates like ibuprofen. The other
homologs include the acetyl-CoA ligase from Salmonella enterica
(SeACL, PDB entry 1PG4) (Gulick et al., 2003), a short chain ACL
which converts small carboxylic acids up to propionate, and the aryl-
CoA ligases from Rhodopseudomonas palustris (RpACL, PDB entry
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4RM3) and Stigmatella aurantiaca (SaACL, PDB entry 4WV3),
which constitute a special class of ACLs dedicated to the conversion
of aromatic carboxylic acids. The AMP and CoA binding sites of

MsACL, and in particular its acyl-binding pocket, were compared to
these five homologous ACLs, the results of which are described in
the next three sections.

FIGURE 2
Crystal structures ofMsACl. (A) Cartoon representation of the 3.1 ÅMsACL structure with bound CoA and acetyl-AMPmolecules shown as spheres.
Oxygens are colored in red, nitrogens in blue, and the carbons of CoA and acetyl-AMP in grey and yellow, respectively. The inset shows a cut-through
surface representation of the CoA and acetyl-AMP binding pockets with the two ligands represented by sticks. (B) Acetyl-AMP and its associated electron
density in the 2.8 Å MsACL structure. (C) CoA and its associated electron density in the 3.1 Å MsACL structure. Ligands are shown as sticks. The
electron densities were calculated as Fo-Fc difference omit Fourier maps, and contoured at 2σ.

TABLE 3 Selected ACLs in thioesterification state showing homology to MsACL.

Protein Abbr Substrate preference No of
residues

% Seq
coverage

% Seq
identity

PDB
entry

Bound
ligands

Acetyl-CoA synthetase from
Salmonella enterica

SeACL Short (C2-C3) carboxylic acids 639 88 32 1PG4 propyl-
AMP, CoA

Acyl-adenylate synthetase from
Methanosarcina acetivorans

MaACL Medium sized (C4-C5) and
branched carboxylic acids

531 96 38 3ETC apo

Acyl-CoA synthetase ACSM2A
from Homo sapiens

HsACL Medium chain (C4-C10) fatty
acids, aromatic carboxylic acids

536 90 33 2WD9
2VZE 3EQ6

ibuprofen AMP
butyryl-CoA

Benzoate-CoA ligase from
Rhodopseudomonas palustris

RpACL Aromatic carboxylic acids 519 90 30 4RM3 4ZJZ 2-furoic acid
benzoyl- AMP

Anthranilate-CoA ligase from
Stigmatella aurantiaca

SaACL Aromatic carboxylic acids 516 90 31 4WV3 anthranoyl-
AMP

Additional crystal structures are available in the PDB, forHsACL, and RpACL., these structures either present a different conformational state, or are highly similar to the selected structures, and

were therefore not included in our analysis.
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3.3 AMP binding site

The AMP binding site ofMsACL is positioned at the domain
interface near the hinge region with residues from mainly the
N-terminal domain contributing to binding of the nucleotide
(Figures 2, 3). Residues D349 and F350 form hydrogen bonds
with the adenine base, D435 and Q353 with the hydroxyls of the
ribose and T243, R461 and K456 with the α-phosphate
group. Most of these AMP-binding residues are highly
conserved in the related ACLs. K456 forms an additional
hydrogen bond with the carbonyl oxygen of the carboxyl-
phosphate linkage between AMP and the acetyl group. It is
assumed that this conserved lysine residue in the C-terminal
domain is vital for enhancing the reactivity of the carboxyl-
phosphate linkage for a nucleophilic attack by the thiol group of
CoA (Branchini et al., 2000; Kochan et al., 2009; Shah et al.,
2009; Thornburg et al., 2015).

3.4 CoA binding site

The CoA binding site of MsACL is located next to the AMP
binding site at the domain interface and consists of an open pocket
for binding the adenosine-diphosphate moiety and a tunnel that
leads to the active site for binding the pantetheine moiety of CoA.
Among the five MsACL homologs, only the SeACL structure
contains a bound CoA, while one of the structures determined
for HsACL has a bound butyryl-CoA product (PDB entry 3EQ6).
While the binding modes of the CoA pantetheine moieties are highly
similar in these structures, the interactions with the adenosine-
diphosphate moiety differ significantly. The only conserved
interaction with this part of CoA is a salt bridge formed between
an arginine residue (R490 inMsACL, Figure 3) and the 3′-phosphate
group attached to the ribose. It should be noted, however, that the
low resolution and partial disorder of the electron density observed
for CoA in the 3.1 Å MsACL crystal structure prohibited an

TABLE 4 Similarities in C⍺-backbone conformations of selected ACLs compared to MsACLb.

Protein SeACL MaACL HsACL RpACL SaACL

Cα backbone RMSDa 1.7 Å (0.80) 1.6 Å (0.92) 1.8 Å (0.93) 2.2 Å (0.93) 2.0 Å (0.75)

aRMSDs (root mean square deviations) of Cα-backbone atoms were calculated with PDBeFOLD (Krissinel and Henrick, 2004).
bValues between brackets indicate backbone coverage of structurs aligned to MsACL., Values are expressed in percentage (%).

FIGURE 3
Binding modes of acetyl-AMP and CoA in MsACL. (A) Schematic diagram showing the binding interactions with residues of MsACL, as based on
analysis of the crystal structures. Residues from the N-terminal domain are indicated with blue and green labels, residues from the C-terminal domain
with orange labels. Dashed lines indicate hydrogen bonds. Red curves indicate favorable van der Waals contacts. Abbreviations used: sc, side chain; mc,
main chain. (B)Close-up view of CoA and acetyl-AMP binding sites in the 3.1 ÅMsACL structure. (C)Close-up view of the acetyl-AMP binding site in
the 2.8 Å MsACL structure. Distances in angstroms are indicated with dashed lines.
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unambiguous identification of all binding interactions. The
pantetheine moiety of CoA appears to be bound in an extended
conformation with the thiol group closely approaching the acetyl-
AMP carboxyl-phosphate linkage. The side chain of W254 at the
end of the pantetheine binding tunnel is in van der Waals contact
with the thiol group. All ACLs contain an aromatic amino acid
residue at this position, forming a constriction that guides the CoA
thiol group to optimally approach the acyl-adenylate intermediate
for a nucleophilic attack (Kochan et al., 2009).

3.5 Acyl binding pocket

TheMsACL acyl binding pocket is buried within the N-terminal
domain and is constituted by the side chains of amino acid residues
A255, K256, W259 and A327, and the main chain atoms of
G352 and Q353 (Figures 2, 3). It has a shallow shape and is
largely hydrophobic. W259 forms the pocket “floor” while the
other residues form the pocket “walls”. A sequence and structure
comparison of the acyl-binding pocket in MsACL with the five
related ACLs is presented in Table 5; Figures 4, 5. While all acyl-
binding pockets are hydrophobic, they show differences in shape
and depth, in line with the differences in substrate preferences
among the ACLs. The highest similarity is observed with the
acyl-binding pocket of MaACL (Figure 5A), which is nearly
identical to that of MsACL. Five of the six acyl pocket forming
residues in MsACL are identical to those in MaACL, including the
floor-forming tryptophan, with the only difference being the
replacement of A255 in MsACL by a glycine residue in MaACL.
It’s unclear whether a thiocarbamate linkage is present between
residues K256 and C299 of MsACL, similar as observed between
residues K256 and C289 in the crystal structure of MaACL (Shah
et al., 2009). While the side chains of these residues exhibit close
proximity, the assessment of a potential linkage is hindered by
limitations in the quality and resolution of the MsACL electron
density maps. Overall, the high similarity in shape and chemistry of
their acyl binding pockets points to a close relationship in biological
function and substrate preference of MsACL and MaACL.

Significant differences are observed with the acyl-binding
pockets of the other ACLs. In SeACL, a different tryptophan
(Trp414) forms the floor of the acyl binding pocket, as the

equivalent of G352 of MsACL, which truncates the acyl-binding
pocket at a smaller depth. (Figures 5B, F). Additionally, A255 and
A327 of MsACL are replaced by two valine residues in SeACL, thus
creating a very small acyl binding pocket explaining why SeACL
prefers acetate and propionate as substrates (Gulick, 2009; Shah
et al., 2009). In HsACL, a leucine residue is located at the equivalent
position of W259 in MsACL, opening up the acyl binding pocket
and increasing the pocket depth (Figures 5C, G), consistent with its
ability to bind and convert longer substrates. Similarly, in RpACL
and SaACL, W259 is replaced by a glycine residue, enabling the
formation of a deeper pocket for binding aromatic carboxyl acid
substrates (Figures 5D, H). A histidine residue (H333 in RpACL,
H324 in SaACL) acts as pocket floor in these two ACLs.

3.6 Docking and mutant design

As evident from the crystal structure analysis, a deepening of the
acyl binding pocket is necessary to expand the substrate scope of
MsACL towards ⍵-amino acids. To create such a deeper pocket, we
considered changing W259 to a glycine residue. A similar
substitution of the pocket floor forming tryptophan in short-
chain ACLs drastically expanded their substrate preference from
acetate and propionate to octanoate (Ingram-Smith et al., 2006;
Sofeo et al., 2019). To predict the effect of a W259G mutation in
MsACL, as well as to suggest additional mutations, we docked a
variety of substrates in a W259G mutant model and examined their
binding modes. Initial docking performed with 4-aminobutyric acid
(1), 5-aminopentanoic acid (2) and 6-aminohexanoic acid (3)
(Figure 7A) resulted in a large variety of docking poses, many of
which presented unproductive binding modes.

We then switched to docking the adenylated intermediates of the
⍵-amino acids, which has the advantage that the reliability of the
docked poses could be assessed by comparing them to the
crystallographic binding mode of acetyl-AMP, ensuring that the
AMP moiety and the acyl-phosphate linkage are similarly bound as
in the crystal structures. Docking of 4-aminobutyryl-AMP in the
MsACL W259G model did not result in poses that could explain
how the ω-amino group would be stabilized in the enlarged acyl-
binding pocket. In fact, more favorable docking poses of this
intermediate were obtained in the wild-type MsACL structure,

TABLE 5 Residues at the MsACL acyl-binding pocket and corresponding residues in related ACLs.

MsACL Description SeACL
(short
chain)

MaACL
(medium
chain)

HsACL
(medium
chain)

RpACL
(aryl)

SaACL
(aryl)

A255 Upper pocket wall. Not conserved V310 G255 I266 A227 T221

K256 Lower pocket wall. Conserved in some of the medium
chain ACLs. Can form a covalent linkage with Cys299

T311 K256 L267 Y228 F222

W259 Pocket floor. Conserved in some of the medium chain
ACLs

S314 W259 L270 G231 G225

A327 Pocket wall forming residue, located opposite to K256.
Conserved

V386 A326 V337 A302 A293

G352 Upper pocket wall. Highly conserved, except in small
chain ACLs which have a pocket floor forming
tryptophan at this position

W414 G351 G362 G327 G318
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some of which included a cation-pi interaction between theω-amino
group and W259, thus questioning whether a W259G mutation
would be beneficial for converting 4-aminobutyric acid. In contrast,
reasonable docking poses of 5-aminopentanoyl-AMP and 6-
aminohexanoyl-AMP were only obtained using the MsACL
W259G model, due to the enlargement of the acyl-binding
pocket (Figure 6). The best docking pose of 5-aminopentanoyl-
AMP positioned its amino group close to the backbones of Q353 and
T356, allowing the formation of hydrogen bonds with these residues
(Figure 6A). Docking of 6-aminohexanoyl-AMP resulted in a low
energy binding pose with the amino group pointing deep into the
space created by the W259G mutation (Figure 6B), allowing the
formation of hydrogen bonds with the side chain of T234 and the
backbone amine of A358. The pose positions the C6 carbon of the
amino-acyl moiety close to the Cα-carbon of G259, enabling a
favorable van der Waals interaction, further indicating the
potential of the W259G mutation to improve binding and
conversion of longer ⍵-amino acids.

Furthermore, the W259G mutation, by providing access to the
side chains of T234, V238, F350, and A358, identifies these residues
as additional candidates for site-directed mutagenesis. Such
mutations can be strategically designed to introduce additional
polar groups, aiding in the stabilization of the ω-amino group
within the target substrates. We reasoned that introducing
mutations V238T and F350Y would be advantageous since they
incorporate polar groups while exerting minimal impact on the
steric properties of the side chains. T234 was not considered for
mutation considering its potential importance for stabilizing the
amino group in 6-amino-hexanoyl-AMP. Likewise, residue
A327 was also excluded for mutation, as it is highly conserved in
medium-chain ACLs and plays a crucial role in shaping the upper
part of the acyl-binding pocket. Substituting it with a larger residue
would lead to a reduction in the acyl-binding pocket’s size, which
was deemed undesirable (Reger et al., 2007; Sofeo et al., 2019).

In conclusion, based on the MsACL crystal structures and the
docking results, W259G, V238T and F350Y were pointed out as the
most promising mutations for enhancing the activity of MsACL
towards ω-amino acid substrates, in particular towards 6-
aminohexanoic acid, the precursor of ε-caprolactam.

3.7 Activity of mutants with ω-amino acids

To establish the effect of the proposed mutations, three single
MsACL mutants, W259G, V238T, F350Y and two double mutants,
W259G/V238T and W259G/F350Y, were constructed by site-

directed mutagenesis and expressed in E. coli. Activities of the
purified enzymes were examined with 4-aminobutyric acid (1), 5-
aminopentanoic acid (2) and 6-aminohexanoic acid (3)
(Figure 7A; Figure 8).

In case of formation of γ-butyrolactam from 4-aminobutyric
acid, the best analytical yield was obtained with the wild-type
enzyme (~63% yield) (Figure 8A). The tryptophan to glycine
substitution at the pocket floor appeared to be detrimental for
this activity as none of the W259G mutants allowed significant
formation of γ-butyrolactam. Reduced activity with short carboxylic
acids due to the W259G mutation was previously observed with
small-chain ACLs, indicating that drastic enlargement of the
binding pocket reduced acceptance of 4-aminobutyric acid (1)
(Hawkins et al., 2014). Single mutants with replacement of
V238 and F350 by similar polar, 238T and 350Y respectively,
residues partially retained the wild-type activity with 4-
aminobutyric acid (39% and 31% lactam yield, respectively).

With longer amino acids 2 and 3, no enzymatic conversion was
observed with the wild-type enzyme. However, with 5-
aminopentanoic acid (2) significant spontaneous formation of δ-
valerolactam occurred in the control reaction without enzyme (6.5%
yield) (Figure 8B). For this substrate, yields were hardly increased
with enzyme, for all variants. Some conversion was observed with
the F350Y single mutant (18% yield), which was designed to
introduce an interaction with the ω-amino group of the
substrate. The single V238T mutation, which was designed for
the same purpose, had only a slight positive effect on δ-
valerolactam formation (11% yield), as did the single mutation
W259G (13% yield). Combination of the two positive mutations
in the W259G/V238T double mutant did not lead to any
improvement (12% yield), whereas in the W259G/F350Y double
mutant, the positive effects cancelled each other out leading to
8.7% yield.

For the formation of ε-caprolactam from 6-aminohexanoic acid
(3) (Figure 8C), the best performing variant was the single mutant
W259G, which gave 30% yield. This mutation was intended to
improve binding with long substrates by suppressing the steric clash
with W259. For the W259G/V238T and W259G/F350Y double
mutants, we observed the same trend as for the formation of δ-
valerolactam: the W259G/V238T variant converted 6-
aminohexanoic acid with a similar yield of 27%, whereas with
W259G/F350Y the positive effect introduced by the W259G
mutation is almost abolished by the F350Y mutation, resulting in
a low yield of 7.5%. The single mutants V238T and F350Y converted
substrate 3 with low efficiency (±3.5% yield), albeit still higher than
wild-type.

FIGURE 4
Sequence alignment of related structural segments forming the acyl-binding pockets in MsACL and its homologs. Residues forming the pocket walls
are colored in orange, the pocket floor forming tryptophan in MsACL, SeACL, HsACL and MaACL is colored in red.
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Overall, regarding formation of 6 and 7-member lactams we
observed beneficial effects for each of the single mutations,
W259G, V238T and F350Y, but in different proportions
compared to wild-type MsACL. Unfortunately, for all three
substrates we did not observe an additive effect of
combining mutations.

These results prompted us to investigate a possible synergistic
effect when combining three mutations. As the F350Y substitution
had a negative effect when combined with W259G, we also mutated
position F350 with non-aromatic polar and apolar groups. Three

triple mutants W259G/V238T/F350T, W259G/V238T/F350A and
W259G/V238T/F350V were constructed by site-directed
mutagenesis and expressed in E. coli. In parallel, we also
constructed the corresponding single mutants F350T, F350A
and F350V.

Of the single mutations, F350V showed the highest relative
yield for the formation of γ-butyrolactam (Figure 9A) and δ-
valerolactam (Figure 9B) compared to W259G, while none of
them allowed significant ε-caprolactam formation (Figure 9C).
With the W259G/V238T/F350X triple mutants, low formation of

FIGURE 5
Comparison of the acyl binding pockets of MsACL and related ACLs. (A) Structural overlay of the acyl-binding sites of MsACL (blue, with bound
acetyl-AMP in ball-and-sticks) andMaACL (PDB 3ETC., orange, apo). Side chains forming the pocket are depicted as sticks. (B). As (A), comparingMsACL
to SeACL (1PG4, green, with bound propyl-AMP). (C) As (A), comparingMsACL toHsACL (3EQ6, yellow, with bound AMP). (D) As (A), comparingMsACL to
SaACL (4WV3, brown, with bound anthranoyl-AMP). (E–H) Surface representations of the acyl binding pockets in MsACL, SeACL (1PG4), HsACL
(3EQ6) and SaACL (4WV3), respectively, including the acyl-AMP as indicated except for HsACL that shows AMP and butytylCoA bound.
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γ-butyrolactam was observed, as expected because of the
enlargement of the pocket with W259G mutation. For the
formation δ-valerolactam, the combination of the W259G/
V238T mutations with the F350X mutation gave an increased
yield of up to 200% in case of the W259G/V238T/F350V variant,
compared to the W259G mutant. For the formation of ε-
caprolactam, the triple mutations led to a lower conversion,
particularly when F350T and F350V were added to W259G/
V238T since this suppressed the benefits of the other mutations.

3.8 Kinetic parameters

Kinetic parameters were determined only for the most
significant results, MsACL with 4-amino butyric acid (1) and
mutants showing improved activities compared to the wild-type
MsACL, W259G and W259G/V238T with 6-aminohexanoic acid
(3). The results showed improved activities compared to the wild-

type MsACL (Table 6). The catalytic efficiencies for ATP were
also increased by mutation W259G. Notably, we observed a 100-
fold higher kcat/KM for variants W259G and W259G/V238T
compared to the wild-type enzyme. With amino acid substrate
3, the kinetic parameters are similar for both mutants W259G
and W259G/V238T, with very low affinities as indicated by the
high KM values.

3.9 Mutant substrate scope

To explore their substrate range, we measured the activity of the
six MsACL variants, including wild-type, with a range of carboxylic
acids with varying chain length up to C12 (4-10) and with several
keto and aryl derivatives (11-14) (Figure 7B). The ligase activities
were assayed in model reactions containing methylamine and
formation of N-methylamide derivatives was monitored by
UHPLC-MS (Figure 7C). Due to differences in the mass

FIGURE 6
Docking poses of two ω-amino acid-AMP adducts inMsACLW259G. (A)Model ofMsACLW259Gwith docked 5-aminopentanoic-AMP (orange). (B)
Docked 6-aminohexanoic-AMP (yellow) in W259G model.

FIGURE 7
Substrates tested for conversion byMsACL (A) Structure of ω-amino acid substrates for lactam synthesis. (B). Structure of carboxylic acid substrates
for the synthesis of N-methylamide derivatives. (C). Reaction for the synthesis of N-methylamide derivatives.
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spectrometry response of the amide products, activities can only be
compared between different enzyme variants for the same substrate,
whereas comparison between different substrates with the same
enzyme are qualitative.

As expected, wild-type MsACL was the most active enzyme for
conversion of the shorter carboxylic acid 4. Wild-type MsACL was
also able to convert carboxylic acid 5, and the W259G substitution
did not significantly alter this activity, both in the single mutant and

FIGURE 8
Analytical yields of lactam formation from ω-amino acids catalyzed by WT and mutant enzymes. (A) γ-butyrolactam. (B) δ-valerolactam. (C) ε-
caprolactam. The dotted red line indicates the yield of spontaneous cyclisation. Reaction conditions: 5 mMω-amino acid (1-3), 5 mMATP, 5 mMMnCl2 in
50 mM MOPS buffer (pH 8.5), 2 mg/mL of purified enzyme, 400 rpm at 60 °C for 24 h. Control reactions correspond to samples without enzyme.
Analytical yields were deduced from calibration curves by UHPLC-MS (APCI).

FIGURE 9
Relative analytical yields of lactam formation from ω-amino acids catalyzed by MsACL enzyme variants compared to W259G mutant. Results were
normalized to 100% for W259G analytical yield. Reaction conditions: 5 mM amino acid (1-3), 5 mM ATP, 5 mM MnCl2 in 50 mM MOPS buffer (pH 8.5),
2 mg/mL of purified enzyme, 400 rpm at 60 °C for 24 h. Control reactions correspond to samples without enzyme. Analytical yields were deduced from
calibration curves by UHPLC-MS (APCI). 100% yield with W259G mutant corresponds to 5%, 13.2% and 30% in (A–C), respectively.

Frontiers in Catalysis frontiersin.org13

Capra et al. 10.3389/fctls.2024.1360129

https://www.frontiersin.org/journals/catalysis
https://www.frontiersin.org
https://doi.org/10.3389/fctls.2024.1360129


the double W259G/V238T andW259G/F350Y variants. In contrast,
with substrates 6–9 a significantly higher activity was observed for
the W259G variant and the double mutants compared to wild-type.
Interestingly, for these substrates a beneficial trend of the W259G
mutation on amide formation seems to appear with increasing chain
length of the carboxylic acid (Table 7; Figure 9). With the longer acyl
chain substrates 7, 8 and 9, no amide formation or only traces of
product were observed with the wild-type enzyme, and the expected
amide products were only observed with variants containing the
W259G mutation. No amide formation was detected with the longer
C-12 substrate 10, for all MsACL variants. Furthermore, the single
V238T and F350Y mutations did not significantly alter the activity of
MsACL towards the carboxylic acids, except with substrate 6where they
resulted in a somewhat enhanced activity. Combined with the
W259 mutation, the V238T and F350Y mutations have no
substantial positive effect on the conversion of most linear
carboxylic acids to N-methylamides, as yields were very similar for
W259G/V238T, W259G/F350Y and W259G variants (Figure 10).

The UHPLC-MS analysis of reaction mixtures with the
substituted carboxylic acids 11–14 showed that the patterns of
amide formation for wild-type MsACL and the variants were
very similar, indicating that none of the mutations was beneficial.
We also notice that no amide formation was detected when keto
acids 11 and 13 were tested as substrate, whereas with their non-
functionalized counterparts 5 and 6 formation of amides was
observed with all enzymes. This indicates that none of the
variants was capable of accommodating keto substrates, including
the W259G variants with substitution of V238 and F350 by similar
hindered polar residues, V238T and F350Y, respectively.

3.10 Activity towards C6-C8 carboxylic acids

Specific activities were determined for C6 to C8 carboxylic acids
with MsACL variants, using the pyrophosphate release assay
(Table 7). The activities were assayed by monitoring
pyrophosphate release with the NADH/PPi assays. Overall, the
results were consistent with the conversions observed by analysis
of the N-methylamides by UHPLC-MS. For a given substrate, the
specific activities are very similar for all three mutants, indicating
that the second mutation, F350Y or V238T, has almost no effect.
From these data, we conclude that the mutants are, as targeted, more
active towards C8 than C6 carboxylic acids.

4 Discussion

Access to lactams by enzymatic synthesis is highly desirable to
improve the environmental sustainability of their chemical
production, but examples of biochemical synthesis are rare. It
typically relies on acyclic precursors such as ω-amino acids
(Vivienne Barker et al., 1999; Ladkau et al., 2011; Stavila and
Loos, 2013; Zhang et al., 2017; Huang et al., 2018; Mourelle-
Insua et al., 2018; Gordillo Sierra and Alper, 2020; Sarak et al.,
2021; Qin et al., 2022; Jiang et al., 2023). Unfortunately, the lack of
highly efficient and stable enzymes capable of cyclizing these
substrates is a major obstacle (Stavila and Loos, 2013; Hevilla
et al., 2021). To date, only few enzymes have been reported that
support the conversion of ω-amino acids into lactams, most notably
a native ACL from Streptomyces aizunensis named ORF26 (Zhang

TABLE 6 Kinetic data for MsACL with 4-aminobutyric acid (1) and variants W259G and W259G/V238T with 6-aminohexanoic acid (3)a.

Enzyme variant Substratesb kcat
c (s-1) KM

c (mM) kcat/KM (s-1.M-1)

MsACL ATP 0.014 ± 0.001 0.06 ± 0.01 2.2 × 102

1 0.021 ± 0.001 0.87 ± 0.20 24.6

MsACL + W259G ATP 3.6 ± 0.2 0.12 ± 0.06 3.0 × 104

3 3.8 ± 0.5 279 ± 85 13.4

MsACL + W259G/V238T ATP 5.6 ± 0.5 15 ± 0.05 3.7 × 104

3 0.80 ± 0.04 220 ± 121 3.6

aActivities were determined with the pyrophosphate release assay.
bReaction mixtures contained 1 or 3 as the saturating substrate.
cUncertainties are those generated by the fitting of data averaged over two experiments.

TABLE 7 Activities of MsACL variants with C-6 to C-8 carboxylic acids.

Substrate Specific activity (mU.mg-1)a

W259G W259G/F350Y W259G/V238T

6 101 ± 11 86 ± 3 71 ± 16

7 157 ± 73 156 ± 73 131 ± 49

8 198 ± 22 166 ± 43 194 ± 22

aActivities determined with the pyrophosphate release assay (see Materials and Methods). Reaction conditions: 5 mM carboxylic acid 6-8, 50 mM methylamine, 5 mM ATP, 5 mM MgCl2,

0.1 mg/mL enzyme. Error margins indicate standard deviations from duplicates.
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et al., 2017) and, more recently, a group of bacterial carboxylic acid
reductases belonging to the same ANL enzyme superfamily as
MsACL (Qin et al., 2022). While the application of these
enzymes in lactam synthesis gave promising results, product
yields are generally low and the enzymes do not show high
thermostability.

Our study showcases the power of structure-based engineering
to adapt a thermostable native ACL for the chemo-enzymatic
conversion of ω-amino acids into lactams using ATP and
divalent cation as cofactors. The crystal structures of MsACL
obtained in this study establish the roles of various protein
residues in binding the acetyl-AMP intermediate and the CoA
cosubstrate, which are largely similar to those in other ACLs
despite low overall sequence identities. In particular, the crystal
structures allowed for a detailed analysis of the acyl binding pocket
of MsACL and to relate its steric and chemical features to the
substrate preferences of the enzyme. Residue W259 at the pocket
floor was found to play a crucial role in limiting the range of acyl
substrates which can be converted by MsACL. Wild-type MsACL is
able to adenylate 4-aminobutyric acid, which then spontaneously
converts into γ-butyrolactam, but it cannot adenylate the longer
substrates 5-aminopentanoic acid and 6-aminohexanoic acid. This
substrate preference is in accordance with previous results, showing
that wild-type MsACL is able to use 4-hydroxybutanoic acid as
substrate but cannot convert longer hydroxylated fatty acids
(Hawkins et al., 2013; Hawkins et al., 2014; Lelièvre et al., 2020).
TheW259Gmutation enlarges the acyl-binding pocket, enabling the
binding and adenylation of 5-aminopentanoic acid and 6-
aminohexanoic acid, with subsequent conversion into the
corresponding lactam, with the beneficial effect for lactam
conversion being more pronounced for the longer ω-amino acid.
The detrimental effect of the W259Gmutation on activity toward 4-
aminobutyric acid suggests that, in the wild-type enzyme,

W259 plays a crucial role in binding this substrate, perhaps via
formation of a cation-π interaction with the ω-amino group. On the
contrary, this mutation is mandatory for activity toward 6-
aminohexanoic acid, as the other single variants, V238T and
F350-substituted mutants (F350Y/A/T/V), gave only very modest
conversion. Disappointingly, no beneficial synergetic effect was
observed with double (W259G/F350Y and W259G/V238T) and
triple mutants (W259G/V238T/F350X). As expected, the W259G
mutation also expands the substrate scope ofMsACL towards longer
fatty acids, up to dodecanoic acid (C10), with a maximal beneficial
effect observed for conversion of octanoic acid (C8). On the other
hand, conversion of pentanoic acid (C5) is negatively affected by the
W259G mutation, supporting the general notion that the substrate
preferences of ACLs are closely linked to the size and shape of their
acyl-binding pockets (Gulick et al., 2003; Ingram-Smith et al., 2006;
Reger et al., 2007; Shah et al., 2009; Meng et al., 2010; Thornburg
et al., 2015).

It should be emphasized that although the MsACL mutants
show enhanced performance with 5-aminopentanoic acid and 6-
aminohexanoic acid, the rates of lactam production remain low. The
kinetic parameters for the adenylation reaction indicate low activity
and affinity but the latter is not necessarily detrimental for use in
applied biocatalysis. A few examples demonstrate that enzymes with
poor affinity can very well be useful, as high substrate and product
concentrations can be reached without an inhibition effect (Mayol
et al., 2016). Nevertheless, substantial further improvement of the
catalytic rate of MsACL, through design or screening of additional
mutants, will be required for this enzyme to become a viable
candidate for biotechnological production of lactams.
Importantly, however, our study reveals the potential of enzyme
engineering efforts within the CoA ligase family, enabling the
enzymatic production of diverse amides and lactams. Exploring
ACL mutants through structural studies, docking, and

FIGURE 10
Methylamide synthesis observed with wild-type and variants of MsACL. Formation of N-methylamide compounds was determined by UHPLC-MS
and relative peaks areas are shown, normalized to 100% for the best reaction. Reaction conditions: 5 mM substrate, 5 mM ATP, 5 mM MgCl2, 50 mM
MeNH2 in 50 mM phosphate buffer (pH 8) and 0.2 mg/mL of purified enzyme. Incubation at 60°C for 24 h.
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computational enzyme redesign holds promise for a better
understanding of the substrate specificity mechanism of these
enzymes and for enhancing the efficiency of naturally
thermostable ACLs in lactam synthesis.
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