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Abstract: Acetyl xylan esterases (AXEs) are enzymes capable of hydrolysing the acetyl bonds in
acetylated xylan, allowing for enhanced activity of backbone-depolymerizing enzymes. Bioprospecting novel AXE is essential in designing enzyme cocktails with desired characteristics targeting the
complete breakdown of lignocellulose. In this article, we report the characterisation of a novel AXE
identified as Gene_id_40363 in the metagenomic library analysed from the gut microbiota of the
common black slug. The conserved domain description was identified with an NCBI BLASTp search
using the translated nucleotide sequence as a query. The activity of the recombinant enzyme was
tested on various synthetic substrates and acetylated substrates. The protein sequence matched
the conserved domain described as putative hydrolase and aligned closely to an uncharacterized
esterase from Buttiauxella agrestis, hence the designation as BaAXE. BaAXE showed low sequence
similarity among characterized CE family proteins with an available 3D structure. BaAXE was active
on 4-nitrophenyl acetate, reporting a specific activity of 78.12 U/mg and a Km value of 0.43 mM.
The enzyme showed optimal activity at 40 ◦ C and pH 8 and showed high thermal stability, retaining
over 40% activity after 2 h of incubation from 40 ◦ C to 100 ◦ C. BaAXE hydrolysed acetyl bonds,
releasing acetic acid from acetylated xylan and β-D-glucose pentaacetate. BaAXE has great potential
for biotechnological applications harnessing its unique characteristics. In addition, this proves the
possibility of bioprospecting novel enzymes from understudied environments.
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1. Introduction
The utilisation of fossil fuels has led to several concerns, such as greenhouse gas
emissions, environmental pollution, and resource depletion, prompting the development
of renewable energy alternatives, such as lignocellulose biomass, to mitigate the disadvantages associated with fossil fuel use [1–3]. Lignocellulose biomass (LCB) is the most
abundant and widely distributed organic chemical on earth [4]. LCB includes hardwood,
such as poplar and oak; softwood, such as pine and spruce; agricultural wastes, such as
wheat straw and sugarcane bagasse; and dedicated energy crops, such as jatropha and
Miscanthus sp. [5,6]. LCB is a potential and promising feedstock source for the production
of fuels and platform chemicals in the concept of biorefinery [7]. Refining LCB from various
sources would produce cellulose and hemicellulose, which can be processed into fuels
and chemicals, and lignin, which can be harnessed to produce energy and chemicals [8].
However, the full utilisation of LCB is challenged by its recalcitrant nature, and the need
for expensive pretreatment to release the components of LCB makes the technology unsustainable [9,10]. Pretreatment methods, such as physical and chemical pretreatments, are
energy-consuming, require special equipment, and produce compounds that can inhibit
hydrolytic enzymes and fermentation [11]. For instance, acid treatment of LCB leads to the
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with
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of
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xylose
units
acetylated
at
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highly acetylated, with approximately 50–70% of their xylose units acetylated at the C-2
and/or C-3 hydroxyl positions [26]. Hence, acetyl residues are considered the most abundant substitution in hemicellulose [27]. AXEs belong to the α/β hydrolase superfamily,
characterised by the α/β- hydrolase fold and the canonical catalytic triad Ser-His-Asp [28].
The sequence of AXEs has the consensus motif Gly-X-Ser-X-Gly around the active site
serine [28]. According to the CAZy classification, AXEs are classified into nine carbo-
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hydrate esterase (CE) families—CE 1–7, 12, and 16, with the CE 10 family reported as
esterases acting on non-carbohydrate substrates [28]. Substrate characterisation of AXEs
shows varied substrate activity. Most of the characterised AXEs hydrolysed acetylated
xylooligosaccharides and were active on acetylated oligosaccharides/monosaccharides,
such as acetylated glucose [29]. For instance, a novel CE (BD-FAE) showed bifunctional
attributes, with acetyl xylan esterase activity on acetylated glucuronoxylan from birchwood
and feruloyl esterase activity on feruloylated xylooligosaccharides from corn fibre [16].
AXEs have been discovered from a wide range of microbial sources (fungi and bacteria),
such as Thermotoga maritima, Bacillus pumilus, Trichoderma reesei, Clostridium thermocellum,
Coriolus versicolor, Schizophyllum commune, Aspergillus versicolor, Streptomyces albicans [12,30],
and plant and animal sources [31].
Novel AXEs have been mined from different environmental sources such as compost,
termite gut, and bovine rumen returning libraries of putative enzymes using a metagenomic approach [32,33]. Although several AXEs have been identified and characterised,
the importance of AXEs in lignocellulose degradation supports the need for continuous
bioprospecting of novel AXEs with improved properties. The identification of novel AXEs
with improved catalytic properties promotes a robust enzyme reservoir for plant biomass
degradation under operating conditions [34]. For example, a novel acetyl esterase targeting
4-O-methylglucopyranosyluronic acid substitution in glucuronoxylan was identified from
a polysaccharide utilization locus (PUL), having been identified as a protein of unknown
function [35]. The common black slug (Arion ater) is a plant-feeding organism and one of
the most widespread plant pest species in Western Europe and North America [36]. The
gut microbiota metagenomics of this organism showed a community of bacteria species
known for lignocellulose degradation and well-characterised bacteria plant pathogens [37].
Over 3383 genes with putative activity in lignocellulose degradation were identified from
the functional metagenomics screening of this organism [37]. In this work, we report the
biochemical and functional properties of a novel AXE identified from the metagenomic
library of the common black slug.
2. Results
2.1. Bioinformatics and Homology Modelling
Gene_id_40363 was annotated as a Carbohydrate Esterase 1 (CE1) family protein in the
metagenomic library of the slug’s gut microbiota. This library comprises proteins with putative
functions classified under different CAZyme families (Table 1). The translated nucleotide
sequence of Gene_id_40363 returned a conserved domain function description for putative
esterase and showed 92.7% similarity with an uncharacterized esterase from Buttiauxella
agrestis (Max score: 420 and E-value: 7 × 10−148 ). The sequence of Gene_id_40363 contained
the predicted SGNH hydrolase-type esterase domain and belonged to the GFSQ-like lipase
abhydrolase family (abhydrolase_2; Pfam domain PF02230; Figure 2).
The CE1 family contains over 5000 protein entries and covers activities including acetyl
xylan esterase, cinnamoyl esterase, feruloyl esterase, carboxylesterase, S-formylglutathione
hydrolase, diacylglycerol O-acyltransferase, and trehalose 6-O-mycolyltransferase and
several other esterases, such as poly (β-hydroxybutyrate) depolymerase. However, only
11 proteins (10 from eukaryote sources and 1 from bacteria sources) have been characterised so far in this family. Homology models developed in I-Tasser using the closest
structural similarity based on the threading program returned the α/β fold model of the
abhydrolase protein family. The homology model features 5 α-helices and 6 β-sheets, and
the catalytic triad was observed at positions S111, D159, and H191. The homology model of
Gene_id_40363 showed the absence of lid structure, but three loop structures were observed
around the active site region (Figure 2). We accessed relatedness with members of other CE
families. Gene_id_40363 shares low sequence identity with characterised proteins in the
CE family that have a 3D structure model available in PDB (Figure 3).

of Gene_id_40363 showed the absence of lid structure, but three loop structures were observed around the active site region (Figure 2). We accessed relatedness with members of
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2.2. Recombinant Protein and Activity Assay
Recombinant protein of Gene_id_40363 (BaAXE) was expressed in E. coli BL21 (DE3)
with a C-terminal 6x His-tag to enhance detection and purification. The recombinant protein showed a molecular weight of 27 kDa estimated by SDS-PAGE and confirmed with
Western blot detection. The observed size corresponds to the theoretical value estimated
by ProtParam hosted on Expasy. The purified protein was eluted with buffers containing 105 mM and 120 mM imidazole (Supplementary Data Figure S1). BaAXE predicted
as an esterase was active on acetate substrates—4-nitrophenyl acetate (specific activity:
78.12 U/mg) and 4-methylumbelliferyl acetate (specific activity: 2.49 U/mg). Furthermore,
BaAXE was active on 4-nitrophenyl butyrate (specific activity: 99.73 U/mg) but showed no
clear activity on longer-chain acyl chain esters (C8–C16; Figure 4).
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2.3. Biochemical Properties
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The biochemical properties of BaAXE were investigated in assays with 4-NPA as the
substrate. BaAXE showed optimal activity at pH 8 and 40 °C. The km, kcat, and kcat/km
(catalytic efficiency) values were calculated as 0.43 mM, 122.4 s−1, and 282 mM−1 s−1, respectively. A thermostability assay showed that the BaAXE retained around 40% activity after
6 of 16
incubating the enzyme for 2 h at 40–100 °C but showed no clear activity at acidic pHs. At
pH 7 and 9, BaAXE retained over 80% activity after incubating the enzyme for 4 h (Figure 5).
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2.4. Functional Characterisation
BaAXE was assayed on various substrates to investigate the functional characterization of the enzyme. The enzyme showed no activity on the α-L-arabinofuranosidase
substrate—4-nitrophenyl arabinofuranoside, and no activity was detected on ferulic esterase substrates—chromogenic acid and benzyl cinnamate. Furthermore, the enzyme
was tested for methylesterase activity and showed no activity on pectin substrate (poly-Dgalacturonic acid methyl ester). However, the enzyme released acetic acid from acetylated
monosaccharaides and acetylated xylooligosaccharides (Figure 7).
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Figure 6. Inhibition by organic solvents and additives. The enzyme was assayed in the presence of
(A) 20% selected organic solvent and (B) 1 mM metal ion, 1% DTT, and 1% SDS. Reactions proceeded
for 10 min, and absorbance reading was measured at 410 nm. Assays were performed in triplicate,
and error bars correspond to SEM. Relative activity was determined relative to a control reaction
lacking any additive or organic solvent. DCM—dichloromethane, PET—petroleum ether.
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2.4. Functional Characterisation
BaAXE was assayed on various substrates to investigate the functional characterization of the enzyme. The enzyme showed no activity on the α-L-arabinofuranosidase substrate—4-nitrophenyl arabinofuranoside, and no activity was detected on ferulic esterase
substrates—chromogenic acid and benzyl cinnamate. Furthermore, the enzyme was
tested for methylesterase activity and showed no activity on pectin substrate (poly-Dgalacturonic acid methyl ester). However, the enzyme released acetic acid from acetylated
monosaccharaides and acetylated xylooligosaccharides (Figure 7).
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characterilase and shared 92% sequence similarity with an uncharacterised esterase from Buttiauxella
agrestis. BaAXE was shown through multiple sequence alignment to contain the GFSQG
motif around the active site serine. Acetyl xylan esterases are reported as serine-type es-
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terases but might differ in the residues surrounding the active site serine [40]. However,
BaAXE shares low sequence similarity among characterised carbohydrate esterase (CE)
with 3D structures submitted in PDB but was assigned to the abhydrolase_2 (pfam02230)
family, consisting of both phospholipases and carboxylesterases that have broad substrate
specificity and are structurally related to the α/beta hydrolases (pfam00561). Furthermore,
in the metagenomic library in which it was identified, it was designated as a member of the
CE1 family, which consists of over 5000 entries and 11 characterised proteins. Characterized
proteins in this family are AXEs from fungal sources, and no AXE from bacteria has been
reported in this family. Hence, BaAXE is likely the first characterized AXE from the CE1
family. Enzymes from bacterial sources have several advantages over enzymes from fungal
sources; for example, bacteria exist almost everywhere, are highly adaptable, and are easier
to genetically modify [8]. Hydrolases of utmost importance are classed as lipases (triacylglycerol hydrolases) and esterases (carboxyl ester hydrolases). Carboxylester hydrolases,
such as pectin methylesterases, acetyl xylan esterase, and feruloyl esterase, are known to
act on plant cell wall polysaccharides [41]. The homology three-dimensional (3D) model
of BaAXE confirms the presence of the canonical α/β hydrolase fold of the abhydrolase
family and the presence of the active site residues S111, D159, and H191, also referred to
as the catalytic triad [42]. The crystal structure of a carboxylesterase from Pseudomonas
fluorescens showed the α/β hydrolase fold containing the Ser-His-Asp catalytic triad, and
the active site clefts were relatively open—solvent-exposed—similar to our deduction from
the 3D homology model of BaAXE [43]. Lipases are distinguished from esterase by the
occurrence of interfacial activation, which is due to the lid domain covering the active sites
of lipases. This domain is lacking in BaAXE, as observed in the modelled structure; hence,
BaAXE is likely to be identified as an esterase [44,45].
The recombinant enzyme BaAXE showed clear activity toward C2 and C4 acyl chain
substrates and was inactive on longer chain acyl chains (C > 6), confirming its classification
as an esterase and not a lipase. Carboxylesterases are known to catalyse the hydrolysis of
short-chain aliphatic and aromatic esters with broad specificity [46]. Furthermore, BaAXE
did not exhibit FAE activity or methyl esterase activity but released acetic acid from
acetylated monosaccharides and xylooligosaccharides, confirming its acetyl xylan esterase
classification. An acetyl xylan esterase from Aspergillus oryzae, designated as AoAXEC,
released acetic acid from wheat arabinoxylan but was inactive on methyl esters of ferulic,
ρ-coumaric, caffeic, or sinapic acids [28]. To investigate the biochemical activity of BaAXE,
we assayed the pH and temperature profile of the enzyme using 4-nitrophenyl acetate as
the substrate. The recombinant enzyme showed optimum activity at pH 8.0 and 40 ◦ C
which is similar to previously characterised acetyl xylan esterases (Table 2). Most notably,
the enzyme showed interesting thermostability, retaining more than 40% residual activity
after incubation at 40 ◦ C–100 ◦ C for 2 h. Most characterised AXEs did not show activity
at acidic pHs (2–5) and showed an optimal pH in an alkaline range (7.5–8.5). BaAXE
retained over 80% residual activity after incubation at pH 7–9 for 4 h. This is an interesting
characteristic, as stability in alkaline environments is of interest in several bio-industrial
applications, especially in direct applications in alkaline-pretreated biomass [47]. A novel
acetyl xylan esterase from Flavobacterium johnsoniae (FjoAcXE) showed similar biochemical
properties to BaAXE; however, FjoAcXE had no residual activity after 5 min of incubation at
60 ◦ C [35]. Most of the characterised AXEs are thermolabile, especially when incubated at
over 60 ◦ C (Table 2). BaAXE obeyed the classical Michaelis–Menten kinetics, reporting a Km
value of 0.4 mM and Kcat value of 122.4 s−1 . This property of BaAXE further supports its
classification as an esterase, as lipases do not obey the classical Michaelis–Menten kinetics
and require only a minimum substrate concentration before activity is observed [42].
We reported the biochemical and functional characterisation of a novel acetyl xylan
esterase that was not previously classified in the six families of AXEs in the ESTHER
database [28]. However, the functional characterisation of BaAXE reported here strongly
recommends its assignment into one of the nine AXE families in the CAZy database [48].
Harnessing the unique properties of BaAXE, most notably its stability in a wide range of
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temperatures and stability at an alkaline pH, would benefit industrial applications. BaAXE
liberated acetic acid from xylan (birchwood, partially acetylated) and β-D-glucopyranose
pentaacetate, indicating that BaAXE is capable of deacetylation at various acetyl substitutions. Cell wall polysaccharides are either mono- or di-acetylated, and the positions of these
acetylations vary among cell wall polysaccharides. Acetylation in xylan usually occurs at
position O-2 or O-3, and a xylopyranose may be acetylated at position O-3 [49]. It would be
interesting to investigate the synergetic activity of BaAXE with xylanases. The simultaneous
treatment of AXE from Lactobacillus antri with xylanase showed a 1.44-fold increase in the
degradation of beechwood xylan compared with xylanase treatment alone [40]. Furthermore, carboxylesterases have been implicated in the biosynthesis of compounds and the
resolution of racemic mixtures [41]. It would be interesting to investigate the stereospecific
synthetic ability of BaAXE, notably the synthesis of platform chemicals (such as muconic
acid) from lignocellulose substrates [50], as well as the deacetylation prospects of BaAXE on
non-xylooligosaccharide substrates, such as polyvinyl acetate [51]. CE1 enzymes have been
described with functions relating to the degradation of natural polyesters, such as poly
3-hydroxybutyrate (PHB) depolymerase, and esterases have been implicated as promising
candidates for the degradation of polyester-based plastics [52]. It would be informative to
explore other applications of this enzyme, as BaAXE promises to be a promising candidate
in developing an enzyme consortium targeting the complete degradation of lignocellulose
biomass and the development of novel chemicals.
Table 2. Characteristics of acetyl xylan esterases.
Protein
Designation

Source Organism

Temp.
Opt.

pH Opt.

axeA

Aspergillus awamori

-

7

axeA

Aspergillus ficuum

40 ◦ C

7

rAoAXE

Aspergillus oryzae

45 ◦ C

6

AXE

Bacillus pumilus PS213

55 ◦ C

8

TM0077

Thermotoga maritima

100 ◦ C

7.5

AxeA

Thermotoga maritima

90 ◦ C

6.5

AXE

Ochrovirga pacifica

50 ◦ C

8

rAoAXEC

Aspergillus oryzae

50 ◦ C

7

LaAXE

Lactobacillus antri

50 ◦ C

7

AXE1

Thermoanaerobacterium sp.

80 ◦ C

7

Temp. Stability
Enzyme activity decreased at
temperatures higher than 40 ◦ C.
Thermal stability decreased at
temperatures above 40 ◦ C.
Unstable at 40 degrees Celsius, with a
half-life of less than 60 min at 40 ◦ C
and 10 min at 50 ◦ C
Stable at 50 ◦ C but rapidly
inactivated at a temperature higher
than 60 ◦ C, with a half-life of about
1 h at this temperature
Unstable at 100 ◦ C with a half-life
of <5 min.
Retained over 60% residual activity
after 8 h incubation at 98 ◦ C
Maintained over 70% residual activity
after incubation at 55 ◦ C for 120 min
Stable up to 50 ◦ C, with a half-life of
approximately 2 h at 50 ◦ C and
40 min at 60 ◦ C
At 70 ◦ C, the residual activity
decreased to 48.4%
At 75 ◦ C, the enzyme showed a
half-life of 1 h.

Reference
[53]
[54]
[55]

[56]

[57]
[58]
[25]
[28]
[40]
[59]

4. Materials and Methods
4.1. Materials
The slug gut metagenome DNA was provided by Dr Natalie Ferry, University of Salford,
Manchester, United Kingdom. The substrates—4-nitrophenyl acetate, 4-nitrophenyl butyrate, 4-nitrophenyl octanoate, 4-nitrophenyl decanoate, and 4-nitrophenyl palmitate, β-Dglucose pentaacetate, pectin, chlorogenic acid, benzyl cinnamate, and 4-methylumbelliferyl
acetate—were purchased from Sigma-Aldrich (Gillingham, United Kingdom). Xylan (birch-
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wood, partially acetylated) was purchased from Megazyme (Wicklow, Ireland). Other
chemicals were of molecular grade and purchased from Sigma-Aldrich (Gillingham, United
Kingdom). Primers for PCR were synthesised and sequenced by Eurofins (Konstanz, Germany). BL21 and TOP10 competent cells were purchased from ThermoFisher Scientific
(Leicester, United Kingdom).
4.2. Methods
4.2.1. Bioinformatics
The output of the functional metagenomic screening of the slug gut microbiota was
in the format of a translated nucleotide sequence in FASTA format (http://www.ebi.ac.
uk/ena/data/view/PRJEB21599, accessed on 25 January 2022). The amino acid sequence
identified in the metagenomic library as Gene_id_40363 was selected for characterisation.
To verify the putative protein function, the amino acid sequence was used to query the nonredundant protein sequence database using the default algorithm for the BLASTp program
hosted on the NCBI website (https://www.ncbi.nlm.nih.gov/, accessed on 10 March 2022).
Amino acid sequences selected for phylogenetic tree construction were aligned with MUSCLE (Codons) available in MEGA software (version X) [60] using the default algorithm,
and the UPGMA (unweighted pair group method) was selected as the cluster method. The
amino acid sequences of proteins that had been previously functionally characterised with
available 3D models in PDB (as reported in the CAZy database) were selected for constructing the phylogenetic tree. Tree construction and phylogenetic analysis were performed in
MEGA software (version X) [60] with the neighbour-joining method and the Poisson model.
Trees were validated with the bootstrapping method using 1000 Bootstrap replications [61].
The annotation of protein features was achieved with Multiple Sequence Alignment
(MSA). Multiple sequence alignment was performed with ClustalO hosted on the EMBLEBI website using the default algorithm (https://www.ebi.ac.uk/Tools/, accessed on
10 March 2022). The amino acid sequence of Gene_id_40363 was aligned with the amino
acid sequence of the top hit protein when queried against the swissprot database and
closely related proteins identified from the constructed phylogenetic tree [25]. The annotation and display of the sequence alignment were performed in GeneDoc (version 2.7).
The molecular weight and isoelectric point (pI) of proteins were determined using the
ProtParam tool available on ExPASy (https://web.expasy.org/protparam/, accessed on
15 March 2022). The three-dimensional (3D) model of Gene_id_40363 was generated with
homology modelling performed in Iterative Threading ASSEmbly Refinement (I-TASSER;
https://zhanglab.ccmb.med.umich.edu/I-TASSER, accessed on 15 March 2022) using multiple sequences of crystalised proteins as a template [61,62]. The modelled structure was
validated based on the C-score (confidence score), TM-score (template modelling score), and
RMSD (root-mean-square deviation), as previously described [62]. The final protein model
was visualised and annotated in PyMOL version 2.0 (Schrodinger New York, NY, USA).
4.2.2. Amplification, Cloning, and Bacterial Transformation
Gene_id_40363 was amplified from the slug’s gut metagenomic DNA using genespecific primers—FP: CACCATGAAACATGACCAC, RP: GCCTCATCGAAATAGTGC—
and the following PCR conditions: initial denaturation at 98 ◦ C for 1 min; 35 cycles of
denaturation at 98 ◦ C for 40 s, an annealing temperature of 61 ◦ C for 30 s, and extension for
19 s at 72 ◦ C; and a final extension time of 10 min. PCR amplification was conducted with
a high-fidelity thermostable DNA polymerase Q5 (NEB, Hitchin, UK) in a 25 µL reaction
containing 12.5 µL of Q5 Hi-Fidelity 2X Master Mix, 1.25 µL of (10 µM forward and 10 µM
reverse primers), and ~60 ng of template DNA.
The PCR-amplified product (654 bp) was cloned into an entry vector pENTR/SD/D/TOPO
(ThermoFischer Scientific Leicester, UK) following the manufacturer’s protocol. To generate the
recombinant expression vector (Figure 8), pENTR: Gene_id_40363 was recombined with the destination vector pDEST42 (ThermoFischer Scientific, Leicester, UK) following the manufacturer’s
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4.2.3. Protein Expression and Purification
Recombinant plasmid (pDEST42-Gene_id_40363) was used to transform E. coli BL21
(DE3) cells for recombinant protein expression with IPTG induction. Transformed cells
were grown to an OD600 of 0.5 before induction with 0.6 mM IPTG. Protein expression
was allowed for 6 h at 30 ◦ C with shaking at 225× g. Cells pellets were harvested by
centrifugation at 100× g for 10 min at 4 ◦ C. Cell pellets were lysed in a lysis buffer (50 mM
sodium phosphate, 150 mM NaCl, 0.1% triton x-100, and 10 mM imidazole) for 30 min at
4 ◦ C. After cell lysis, the soluble fraction was recovered by centrifugation at 4600 rpm for
15 min at 4 ◦ C. The recombinant His-tagged protein was purified with a His GraviTrap
TALON gravity flow column charged with cobalt ions, following the manufacturer’s
protocol (Cytiva, Sheffield, United Kingdom). The elution step was performed with a
gradient imidazole concentration (30 mM–150 mM imidazole). Imidazole and excess salt
were dialysed out using SnakeSkin dialysis tubing following the manufacturer’s protocol
(ThermoFisher Scientific Leicester, UK). The purified protein was concentrated using the
Amicon ultra centrifugal filter unit (10 kDa cut-off, Millipore, Watford, UK).
4.2.4. Enzyme Assay and Biochemical Properties
The purified and concentrated recombinant protein was assayed for activity using
synthetic substrates. Esterase activity was determined spectrophotometrically with 4nitrophenyl acetate (4-NPA) as the substrate. The assay reaction contained 50 mM sodium
phosphate, pH 7.5; 150 mM NaCl; and 0.01% triton x-100. A stock solution (250 mM) of the
substrate was prepared in dichloromethane, and a final concentration of 1 mM substrate
in 100 µL was used in the assay. The enzyme reaction was initiated by adding a properly
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diluted enzyme solution (3–5 µg). The enzyme reaction was performed at 40 ◦ C, and
the absorbance measurement was monitored every minute for 15 min at 410 nm using a
Varioskan LUX Multimode Microplate Reader (ThermoFischer Scientific, Leicester, UK).
The background hydrolysis of the substrate was subtracted by performing a blank reaction
without the enzyme. One unit of enzymatic activity was defined as the amount of the
protein releasing 1 µmol of 4-nitrophenol per minute at the assay conditions described.
4.2.5. Biochemical Properties
The enzyme’s temperature profile was determined in an assay with a 1 mM concentration of 4-NPA as described above at varying temperatures. The pH profile was determined
at the optimum temperature under various experimental pHs. pH 3 and 4 were prepared in
sodium citrate buffer, pH 5 and 6 were prepared in Hepes buffer, pH 7 and 8 were prepared
in sodium phosphate buffer, and pH 9 and 10 were prepared in glycine NaOH buffer. The
assay was performed for 10 min, and activity was expressed as the percentage relative
activity with respect to the maximum activity. The enzyme kinetics assay was carried out
at pH 8 using 4-NPA at concentrations from 0.1 mM to 2 mM. The kinetic parameters—Km
and Vmax—were calculated by a nonlinear regression fit based on the Michaelis–Menten
model using GraphPad Prism 9 [62,63].
4.2.6. Thermostability
The thermal stability and pH stability were determined as described by Razeq et al.
(2018). For temperature stability, 4 µg of enzyme in 50 mM sodium phosphate (pH 7.0)—
final volume of 40 µL—was incubated at 20 ◦ C, 30 ◦ C, 40 ◦ C, and 50 ◦ C for 2 h. After
incubation, the enzyme was ice-cooled for 5 min before the residual activity was determined
in the standard assay with 4-NPA.
4.2.7. Effect of Organic Solvents and Additives
The effect of organic solvents on enzyme activity was assayed by incubating 4 µg
of the enzyme in 20% concentrations of various organic solvents for 17 h at 4 ◦ C. The
residual activity was determined in a standard assay with 1 mM 4-NPA. Residual activity
is expressed as a percentage relative to a control (assay without organic solvent addition)
set at 100%.
The effect of additives, such as detergents and divalent ions, was determined. The
effect of metal ions was determined in reactions with 1 mM 4-NPA as the substrate. The reaction mixture contained a 1mM concentration of the following metal ions: Ca2+ , Co2+ , Cu2+ ,
Fe3+ , Mg2+ , and Zn2+ (all as chloride salts). The effect of other additives was determined
by the addition of 20 mM EDTA, 1% Triton x-100, 1% tween-20, 1% (w/v) dithiothreitol
(DTT), and 1% (w/v) SDS. The residual activity was determined in a standard assay with
1 mM 4-NPA.
4.2.8. Acyl Chain Substrate
The substrate specificity of Gene_id_40363 was determined by assaying its activity
on various 4-NP alkyl esters—4-nitrophenyl acetate, 4-nitrophenyl butyrate (4-NPB), 4nitrophenyl octanoate (4-NPO), 4-nitrophenyl decanoate, and 4-nitrophenyl palmitate
(4-NPP). The final concentration of the substrate in each assay was 1 mM. Reactions were
performed in 50 mM sodium phosphate, as described in Section 4.2.4, and initiated by
adding 4 µg of protein. The reaction was allowed for 15 min, and the reaction without the
enzyme was used as a blank.
4.2.9. 4-Methylumberiferyl Acetate (4-MUA)
The activity of Gene_id_40363 was assayed on 4-methylumberiferyl acetate (4-MUA).
The reaction mixture contained 50 mM sodium phosphate (pH 8.0) and 1 mM 4-MUA
dissolved in DMSO. The assay was initiated by adding 4 µg of protein in a total reaction
volume of 200 µL. The release of 4-umberiferinone was monitored by reading the fluores-
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cence (excitation/emission 340/520) using a Varioskan LUX Multimode Microplate Reader
(ThermoFischer Scientific, Leicester, UK). The assay reaction was incubated at 40 ◦ C, and
readings were taken every 1 min for 30 min. Reaction without the enzyme was used as
blank. One unit of enzymatic activity was defined as the amount of the protein releasing
1 µmol of 4-methylumbelliferone per minute at the assay conditions described.
4.2.10. Hydrocinnamate Substrates
The activity of Gene_id_40363 towards hydrocinnamate substrates (chlorogenic acid and
Benzyl cinnamate) was assayed as previously described [47]. The substrates were solved in
DMSO, and the assay was initiated with 4 µg of purified protein. The decrease in substrate
concentration was spectrophotometrically quantified following absorbance at 340 nm. The
assay was quantified with reference to a standard curve. One unit of enzyme is defined as the
amount of enzyme releasing 1 µg of substrate in 1 min under the assay conditions.
4.2.11. Acetic Acid Release from Acetylated Substrates
The activity of Gene_id_40363 was assayed on acetylated xylan (Figure 9) and βD-glucose pentaacetate. Acetylated xylan (1%) or β-D-glucose pentaacetate (0.1%) was
incubated with 4 µg of enzyme at 40 ◦ C for 10 min. After incubation, the reaction was equilibrated 1:1 (v/v) with acetonitrile. Acetic acid release was analysed with GC–MS (59778B
GC/MSD, 8860 GC system, Agilent technologies, Cheadle, UK). The samples were run
for 20 min using an Agilent 19091s-433UI HP-5ms Ultra Inert (30 m × 250 µm × 0.25 µm)
column. The MS parameters were set as follows: ion source—EI, source temperature—
230 ◦ C, quad temperature–150 ◦ C, fixed electron energy—70 eV, solvent delay—2 min. The
acquisition was set to scan a mass range of 40–200. The method report for the MS run is
reported in the Supplementary Materials section (Figure S2). Reaction mixtures without
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