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ARTICLE INFO ABSTRACT

Keywords: In this work, we elucidated the interactions between Myceliophthora thermophila laccase and deep eutectic solvent

Laccase ) (DES) by crystallographic and kinetics analyses. Four types of DESs with different hydrogen bond acceptor (HBA)

geeliai?tecr?c solvent and hydrogen bond donor (HBD), including lactic acid: betaine, glycerol: choline chloride, lactic acid: choline
Iys 1zation

chloride and glycerol: betaine was used. The results revealed that different DES have different effects on laccase
activity. Lactic acid-betaine (2:1) DES has shown to enhance laccase activity up to 300 % at a concentration
ranged from 2% to 8% v/v, while glycerol: choline chloride and lactic acid: choline chloride DES choline
chloride-based DES have found to possess inhibitory effects on laccase under the same concentration range.
Detailed kinetic study showed that glycerol: choline chloride DES is a S-parabolic-I-parabolic mixed non-
competitive inhibitor, where conformational changes can occur. The crystal structures of laccase with lactic
acid: choline chloride DES (LCDES) were obtained at 1.6 A. Crystallographic analysis suggested that the addition
of LCDES causes changes in the laccase active site, but the increase in water molecules observed in the resulting
crystal prevented laccase from experiencing drastic structural change. Fluorescence and circular dichroism
spectroscopies were also applied to determine the effects of DES on the structural conformation of laccase. The
results have confirmed that the presence of DES can trigger changes in the local environments of the amino acids
in the active site of laccase which contributes to the changes in its activity and stability.

1. Introduction

The use of enzymes as biocatalysts has gained considerable interest,
as it allows reactions to proceed in mild conditions, as well as having
high selectivity and being nontoxic [1]. The improved knowledge base
originates from intensive research work that has made large steps for-
ward in the discovery of novel enzymes, advancement in protein engi-
neering, and recombinant DNA technology. This has fueled ongoing
research into making enzyme catalysis viable in industrial processes,
along with the aim of moving towards green and sustainable chemistry.

One of the common industrial enzymes is laccase (EC 1.10.3.2, para-
diphenol: dioxygen oxidoreductase). Laccase is a widely known member
of the blue multicopper oxidase family, which can be found in fungi as
well as in a variety of plants, bacteria, and insects [2—4]. In fungi, laccase
participates in lignin degradation, pathogenesis, and detoxification, as

well as development and morphogenesis [5,6]. Immense work has been
carried out on laccase since its first discovery from the exudates of the
Japanese lacquer tree Rhus vernifera (Toxicodendron vernicifluum) [7].
Laccase catalyzes the reduction of a variety of compounds including
phenolic (mono-, di-, poly-, and methoxyphenols), nonphenolic, aro-
matic amines, aliphatic amines, benzenethiols, carbohydrates, and
inorganic compounds, followed by the reduction of oxygen to water
[8-12]. Although direct oxidation of phenolic compounds can take
place, the oxidation of non-phenolic compounds by laccase requires the
presence of a mediator due to steric hindrance or the high reduction
potential of the substrate. Hence, a mediator that is usually made up of
low molecular weight compounds acting as electron shuttler is necessary
in the oxidation of non-phenolic compounds [13,14]. Interest in laccase
has been stimulated by ongoing and potential applications in pulp and
paper industries, environmental detoxification, food industries, textile
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industries, and lignin valorization [15-21].

The first crystal structure of laccase was from Coprinus cinereus [22].
To date, there are more than 200 known laccase structures including
complex structures with substrates, inhibitors, oxidation products, along
with mutant structures deposited in the protein data bank (PDB). In
general, laccases are primarily monomeric glycoproteins that contain
four copper atoms in their active sites arranged into three metallocentres
[23-26]. These metallocentres are located among three structural do-
mains that are formed by a single polypeptide with approximately 500
amino acids in length [27]. The four copper centers are divided into
Type 1 (T1), Type 2 (T2) and Type 3 (T3) copper according to their
distinctive spectroscopic properties. T1 copper is responsible for the
distinct blue colour with an absorption band at approximately 600 nm
and T2 copper have an absorption shoulder at approximately 330 nm. In
laccase, substrates are being oxidized at the mononuclear T1 copper site
(reducing-substrate binding site) followed by the migration of electrons
to the trinuclear cluster/copper site formed by the T2 and T3 coppers
where the reduction of molecular oxygen to water took place [28,29].

The rapid emergence of alternative solvents has solved problems
associated with the substrate solubility that hinders the application of
biocatalytic reactions, such as applications of laccase. Consequently,
deep eutectic solvents (DESs) have been brought into the limelight due
to their appealing properties, including low volatility, a wide liquid
range, nonflammability, high thermal stability, and tailored character-
istics, as well as being biodegradable and low cost [30,31]. DESs are
mixtures of salt and hydrogen bond donors in different molar ratios that
produces a stable, homogeneous liquid phase at ambient conditions
[32], which can be prepared by mixing the two precursors with
continuous stirring for several hours at a moderate temperature without
any purification requirements, thus forming minimal waste. Typical
DESs are made up of readily available salts and are nontoxic and
biodegradable, unlike other ionic liquids.

Studies indicate that DESs are less reactive in typical enzyme reac-
tion systems due to the extensive hydrogen bond network that lowers
the chemical potential of the individual components, which in turn
makes DES applicable in a broad range of reactions [33]. In numerous
studies, DES have been proven to stabilize and enhance the activity of
enzymes [33-37]. Nevertheless, the understanding of the effects of DES
on protein conformation and dynamics still remains unclear, although
there are studies that demonstrate that DES can increase enzyme per-
formance [37,38] and stability [39,40]. In this study, the detailed
investigation of the three-dimensional crystal structure of laccase from
the thermophilic fungus Myceliophthora thermophila is presented
together with the discussion of the structure in the presence of DES. In
addition, differential scanning calorimetry (DSC), fluorescence spec-
troscopy, and circular dichroism (CD) spectroscopy were carried out to
provide insights on the enzyme conformation in the presence of DES.

2. Materials and methods

All chemicals used were of at least reagent grade and used without
further purification unless otherwise specified. Sodium chloride (NaCl,
CAS 7647—14-5), glacial acetic acid (CAS 64—19-7), Tris buffer (CAS
77—86-1), choline chloride (CAS 67—-48-1), betaine (CAS 107—-43-7),
and glycerol (CAS 56—81-5) were purchased from Fisher Scientific while
lactic acid (W261106) and 2'-azino-bis-3-ethylbenzathiazoline-6-sul-
fonic acid (ABTS) (A1888) were purchased from Sigma Aldrich. Protein
molecular weight ladder (PageRuler™ Prestained Protein Ladder; 10
kDa-180 kDa, 26,616) was obtained from ThermoFisher. Screening so-
lutions used for protein crystallization were obtained from Hampton
Research.
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membrane (Milipore) into buffer containing 100 mM sodium acetate pH
5 and further purified with an AKTA FPLC system (GE Healthcare). 200
pL of the buffer-exchanged and concentrated sample was then loaded to
a Superdex 200 Increase 10/300 G 1 column (GE Healthcare, 28—9909-
44, column L x I.D. 30 cm x10 mm, 8.6 pm particle size) that had been
pre-equilibrated with 50 mM sodium acetate pH 5 buffer containing
0.15 M sodium chloride (NaCl). Proteins were eluted in 0.5 mL fractions
with the equilibration buffer at a flow rate of 0.5 mL/min. Sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was
used to check the purity of the collected fractions. Then, the purified
fractions were pooled, re-concentrated (Amicon 8050 ultrafiltration cell,
30 kDa cutoff membrane) and stored at 4 °C for further characterization
and analysis. Bradford procedure was used to measure the protein
concentration, using bovine serum albumin as the standard with 50 mM
Tri—HCI pH 5 with 0.15 M NaCl buffer as the diluent [41].

2.2, Protein purity

The molecular mass of the purified laccase was determined by per-
forming sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). SDS-PAGE was performed with 12 % polyacrylamide gel
by the Laemmli method [42] with Precision PlusProtein™ Kaleido-
scope™ standard (BioRad) as the molecular weight marker. The gel was
stained with staining solution that contains 0.1 % (v/v) Coomassie
Brilliant Blue R-250, 40 % (v/v) methanol and 7% (v/v) glacial acetic
acid for 2 h with mild agitation and de-stained with de-staining solution
that contains 10 % methanol with 10 % acetic acid solution overnight or
until a clear background was achieved.

2.3. Molecular mass determination

0.73 mg ml! (9.2 uM) in 100 pL of the re-concentrated sample was
loaded on to a Yarra 3 um SEC 2000 column (Phenomenex) and eluted
with 20 mM MOPS buffer pH 7.0 with 0.15 M sodium chloride, 0.05 g/dl
sodium azide (NaNj). The eluate was passed in tandem through the UV
detector (Gilson), refractometer (Optilab DSP, Wyatt Technology), and
the multi-angle laser light scattering detector (Dawn EOS, Wyatt Tech-
nology). The light scattering data was analyzed with Astra software
(Wyatt Technology Corp.) using the Zimm fitting method.

2.4. Preparation of deep eutectic solvents

The deep eutectic solvents (hereby defined as DESs) used in this
study were prepared from lactic acid and choline chloride (LCDES,
molar ratio 2:1), lactic acid and betaine (LBDES, molar ratio 2:1),
glycerol and choline chloride (GCDES, molar ratio 2:1), and glycerol and
betaine (GBDES, molar ratio 2:1). The mixtures were heated at a 60 °C
and stirred with a constant stirring rate of 200 rpm until a homogenous
solution was obtained. The density of DESs were measured gravimetri-
cally in triplicate and the average values were recorded to ensure the
accuracy and reproducibility of the collected data.

2.5. Laccase activity assay

The enzyme activity was determined spectrophotometrically using a
UV-vis spectrophotometer (Genesys™ 10S UV-vis, Thermo Scientific,
USA) with 2,2'-azino-bis-3-ethylbenzathiazoline-6-sulfonic acid (ABTS)
as the substrate. The assay was carried out at room temperature (25 °C)
with 100 mM sodium acetate pH 5 with 0.15 M NaCl. The reaction
mixture (1 mL) consists of 0.02 mg ml! purified laccase, 0.5 mM ABTS
with or without DES (0-8 % v/v). The enzyme activity was computed
form the increase in A420. The molar extinction coefficient of ABTS is
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mean =+ standard deviation of the results was calculated to ensure the
repeatability and reproducibility of the obtained results.

2.6. Kinetic studies of laccase with GCDES

The kinetic studies were conducted with 25-150 pM for GCDES.
Similarly, the concentration of the reaction mixture was 100 mM sodium
acetate at pH 5, 0.005 mg of enzyme, and different concentrations of
GCDES (% volume) in a total reaction volume of 250 pL. ABTS was
freshly prepared before each experiment. The mixture was incubated for
5 min at room temperature prior the addition of substrate to start the
reaction. The absorbance was measured immediately in 20 s intervals for
15 min.

Kinetic data were fit into the appropriate rate equations using Ori-
ginPro. The enzyme kinetic parameters, Vyax and Ky, were determined
by nonlinear hyperbolic curve fitting to the Michaelis-Menten equation.
Likewise, all kinetic assays were performed in at least triplicate to ensure
the repeatability and reproducibility of the obtained results. Dixon plots
were frequently used to identify the types of inhibition as well as
determining the K; value. When both the Vpa¢ and Ky, are affected by the
reaction with the presence of inhibitor, the inhibitor is referred as a
mixed-type inhibitor. Eq. 1 was used to plot the Dixon plot where K; is
the inhibitor’s binding constant for the noncompetitive site and « is the
factor that describes the difference in affinity of the inhibitor at the same
site of the enzyme-substrate complex. The slope of the Dixon plot is
shown is Eq. 2. The plot of slope versus 1/[S] was plotted in order to
determine the values of K; and o if the Dixon plot displayed a linear
behavior. However, if the Dixon plot yields a parabolic pattern, the
initial rate data were then plotted as 1/V versus 1/S. A parabolic
behavior of the Dixon plot will yield a Lineweaver-Burk plot that consist
of straight lines without a common intersecting point. Eq. 2 and Eq. 4 are
the reciprocal equation that describe classical competitive inhibition,
classical non-competitive inhibition.
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The data were plotted using the replot of slopes and intercept versus
1/[S] to determine if a non-linear inhibition present. The secondary plot
will have a linear pattern if system is a pure noncompetitive inhibition
with a single inhibition site. However, if a parabolic pattern was
observed from the secondary plot, this indicates a complex non-
competitive inhibition system with multiple inhibition sites or struc-
tural conformational changes [43]. There are several forms of parabolic
inhibition. It can be parabolic competitive, S-linear I-parabolic
noncompetitive, S-parabolic I-linear noncompetitive and S-parabolic
I-parabolic noncompetitive inhibition. The reciprocal form of these
types of inhibition are shown in Eq. 5 to Eq. 8, respectively. Eq. 9 is
modified form of Eq. 8 for S-parabolic I-parabolic noncompetitive in-
hibition [44,45].
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where K, is the limiting K., for S at the fixed concentration of all the
nonvaried ligands in the absence of [I]. Eq. 10 and Eq. 11 were applied
to plot the slope and intercept of S-parabolic I-parabolic inhibition [44].
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When apparent parabolic lines are obtained, the parabolic nature of
the curves was confirmed by the replot of the data against the square of
the reciprocal of substrate concentration or the concentration of the
inhibitor.

2.7. Differential scanning calorimetry (DSC)

The structural stability and melting point of M. thermophilla laccase
with different DESs were determined by differential scanning calorim-
etry (DSC) using a DSC scanning calorimeter (NETZSCH DSC 214 Pol-
yma). Approximately 20 mg of M. thermophila laccase samples (20 pL) in
50 mM sodium acetate buffer pH 5 was sealed in a Netzsch Concavus
aluminum pan with pierced lids (tiny hole punched in the upper lids)
that was previously weighted (control sample). For the effects of DES on
the thermostability of the M. thermophila laccase, 5 % v/v of LCDES,
LBDES, GCDES and GBDES were incubated with the protein for at least
20 min prior to the DSC analysis. The reference pan in each case was an
empty sealed Concavus aluminum pan with pierced lids. Pure nitrogen
was used as the purge gas at a flow rate of 40 ml min~. The scanning
begins at 20 °C and heated to 95 °C at a heating rate of 1 °C min_.
Cooling was achieved with liquid nitrogen with a cooling rate of 10 K
min~. Baseline corrections were carried out by subtracting the buffer
thermogram. The maximum melting point (T, peak temperature) was
recorded based on the achieved DSC curve. Data obtained were analyzed
using Netzsch Proteus Thermal Analysis software.

2.8. Crystallization of Myceliophthora thermophila laccase

Initial crystallization studies were carried out at 295 K by screening
with crystal screening kits from Hampton Research (Crystal Screen 1,
Crystal Screen 2) using Phoenix /RE crystallization robot (Art Robbins
Instrument, USA) with a protein concentration of 30 mg ml L. Prior to
crystallization, the purified protein was buffer exchanged to 20 mM
sodium acetate buffer pH 8 and concentrated to a concentration of 100
mg ml~L. All crystallization trials were conducted in a hanging drop
vapor diffusion setup at 295 K. Blue crystals appeared within a week in
condition containing 0.1 M HEPES pH 7.45, 0.22 M calcium chloride,
0.05 M glycine and 34 % polyethylene glycol 400. Fully grown crystals
are soaked in cryoprotectant that contains 20 % (v/v) glycerol in the
reservoir solution and mounted on a nylon loop before shipping to the
Berkeley Advanced Light Source (ALS) in liquid nitrogen. Data sets were
processed and scaled using HLK-2000 [46].
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the ALS and processed (indexed, integrated and scaled) using software
package HLK-2000 [46]. PHENIX Phaser was used to performed mo-
lecular replacement for the initial phasing with the structural co-
ordinates of laccase from Myceliophthora thermophila (PDBL: 6F5K).
Refinement and model building were done using PHENIX and Coot [47].
Detailed description of the crystallization and data collection process
can be found in Section A in the Supplementary information.

2.10. Fluorescence spectroscopic analysis

Intrinsic fluorescence spectra were recorded with a spectrofluo-
rometer (Photon Technology International, PTI QuantaMaster 8000).
Purified M. thermophila laccase at 0.1 mg ml ™! concentration in 50 mM
sodium acetate buffer containing 0.15 M NaCl were excited at 295 nm
for intrinsic tryptophan fluorescence. The fluorescence emission spectra
were recorded with a 1.0 cm quartz cell over the wavelength range of
300 nm—400 nm at a scanning interval of 1 nm, slit width fixed 1 nm and
integration time of 1 s (averaging three scans) using 50 mM sodium
acetate buffer containing 0.15 M NaCl as a control. All spectra were
obtained using OriginPro through baseline corrected with the respective
buffers by subtraction.

2.11. Circular dichroism spectroscopy

The CD spectra of the laccase solution in the presence of DESs were
measured using an Aviv model 400 spectropolarimeter (Lakewood, NJ).
M. thermophila laccase (0.12 mg m’ll) in 50 mM sodium acetate buffer
pH 5 were recorded at 25 °C under a N3 atmosphere. The spectrum was
recorded between 250 nm to 200 nm using a 1 mm cuvette. Spectra
measurements below 200 nm were not feasible because the dynode
voltage reached values greater than 500 mV. Data points were collected
with a 0.5 nm interval with a 1 nm bandwidth and with an averaging
time of 5 s. The spectra obtained for each sample were corrected by
subtraction of the signal obtained for the buffer containing respective
concentration of GCDES.

3. Result and discussion
3.1. Laccase activity in different DESs

The list of DESs used in this study with their respective abbreviations
and properties is shown in Table 1. The enzyme activity of purified
M. thermophila laccase (Fig. S1) in the presence of varying concentra-
tions of different DESs using ABTS as the substrate in 50 mM sodium
acetate buffer pH 5 is shown in Fig. 1. Lactic acid-containing DES has
produced the most pronounced effect on the enzyme activity, where the
activity is drastically enhanced to a maximum of 300 % when 8 % v/v of
LBDES is used. Similarly, the enzyme also performed well in the pres-
ence of LCDES, where an increase of at least 120 % was observed. The
addition of different concentration of GBDES has shown a consistent
increase in laccase activity (approximately 130 %) while a slight
decrease in activity was observed in different concentration of GCDES.
However, the decrease in laccase activity is mild where the laccase ac-
tivity is maintained above 80 % for all GCDES concentrations.

It has been reported that the presence of solvents, particularly sol-
vents that are homogenous phases with the buffer solution, substantially

Table 1
List of DES used in this study.
Molar ratio
DES Density (g cm™%) HBD Salt _—
HBD Salt
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Fig. 1. Relative activity of M. thermophila laccase in the presence of different
compounds, the activity of M. thermophila laccase without additives was defined
as 100 %. The significant difference (*) was set at P < 0.05 and the highly
significant difference (**) was set at P < 0.01 in Student’s t-test, compared to
the control. Data were shown as mean + standard errors of the mean from at
least three independent repeats.

affect the activity, stability, and structure of the biocatalyst through the
interaction of the solvent with the protein molecules or the modification
of the thermodynamic water activity [48,49]. Several studies indicate
that the enzymatic performance in DES varies according to the types of
hydrogen-bond acceptor (HBA) and hydrogen-bond donor (HBD) as well
as their molar ratio where it substantially affects the solvent properties
including the polarity, viscosity, and surface tension, which in turn in-
fluences the enzyme’s activity and the overall stability of the reaction
[33,36,50]. The changes in solvent properties when DES is incorporated
into the reaction are due to the existence of a hydrogen bond network in
DES, which can increase the rate of enzyme affinity to the substrate and
influence on conformational stability of enzymes. In general, the helical
conformation in the enzymes is protected by the hydrogen bonds in DES,
preventing ions from penetrating into the individual domains of the
enzyme. For instance, molecular dynamics simulation showed that the
o-helix in lipase was preserved when it was exposed to reline (com-
mercial name of the mixture of choline chloride-urea deep eutectic
solvents) where the choline chloride and urea molecules formed su-
perstructures through hydrogen bonds, which obstructed the diffusion
of the urea molecules. In the absence of choline chloride, denaturation of
the a-helix occurs as urea molecules readily diffuse into the protein core
and disrupt the intramolecular hydrogen bonds, forming new hydrogen
bonds with the residues constituting the helix [51]. Being the intrinsic
characteristics of DES, the hydrogen bond network allows the DES
molecules to interact with enzyme by docking the enzyme molecule into
the DES network, subsequently stabilizing the protein.

It is notable that there is a remarkable increase in the laccase activity
in the presence of LBDES. Studies have revealed that the HBDs that have
a higher tendency to form hydrogen bonds, tends to improve enzyme
activity compared to HBDs that have a lower tendency to form hydrogen
bonds. Hence, it can be deduced that LBDES has the strongest ability to
form hydrogen bonds, leading to the highest increase in enzyme activity.
The detailed study about the characteristics of hydrogen bond between
lactic acid and betaine DES revealed that the hydroxyl group of lactic
acid interacts with the carboxylate group in betaine, in addition to the
interactions between the methyl groups present in betaine with the
oxygen atoms present in lactic acid [52]. Radial distribution functions
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carbonyl group [52]. Self-hydrogen bonding was also present between
lactic acids (LA—LA) as well as betaine-betaine interactions through
methyl and carboxylate groups. Hence, the enormous increase in
M. thermophila laccase activity in the presence of LBDES in this study can
be attributed to the multiple hydrogen bonds in LBDES through various
interactions.

Similarly, from the increase of laccase activity observed in the
presence of GBDES, it is clear that the number of hydrogen bonds pre-
sent in GBDES contains the betaine-betaine hydrogen bonds in addition
to the glycerol-betaine hydrogen bonds. Previous studies also demon-
strated that betaine-based DES has the ability to enhance both the sta-
bility and activity of the enzyme besides preventing protein
denaturation [34,53-56]; while glycerol also often acts as a protein
stabilizer that increases the a-helix content and reduces the p-sheet of
the protein, improving the enzyme activity [57-59]. The minor decrease
in enzyme activity in the presence of GCDES is due to the presence of
chloride anions originating from choline chloride, which is a known
inhibitor of laccase. However, the inhibitory effects of chloride ions are
substantially diminished due to the formation of hydrogen bonds with
glycerol. Based on the aforementioned RDF studies [52], it is reasonable
to infer that self-hydrogen bond exists between lactic acid aside from the
hydrogen bonds formed among lactic acid and choline chloride in
LCDES. These additional hydrogen bonds could contribute significantly
to the evident elevation of enzyme activity. Likewise, it is reasonable to
deduce that the activation effects of LCDES are being suppressed by the
presence of chloride anion in increasing concentration of LCDES.
Finally, it may be concluded that the amount of hydrogen bonds present
in these DESs establish the following the order; LBDES > LCDES >
GBDES > GCDES, which results in different stimulation/inhibition ef-
fects on the enzyme activity.

3.2. Kinetic analysis

In this study, the inhibitory effects of GCDES on M. thermophila lac-
case were investigated. A regular spectrophotometric assay was per-
formed (without DES) as a control and the assay was continued with
different concentration of ABTS. Similarly, M. thermophila laccase was
first incubated with the inhibitor (GCDES solution) for at least 5 min for
all concentrations (1 %-5 % v/v). Assays were carried out where the
reaction rates of the M. thermophila laccase with ABTS (25 pM — 100 pM)
were measured over a range of GCDES concentrations (1 % v/v -5 % v/
v); the results were plotted as weighted double reciprocal plots (inversed
rate obtained from different substrate concentrations plotted against
inversed substrate concentration) with slopes and intercept replots. The
shape of these plots will provide specific information on the mechanism
of inhibitions.

The double reciprocal Lineweaver-Burk plot (1/V vs 1/S) generated
straight lines at varying concentrations of GCDES where part of the lines
intersected in the second quadrant without a common intersecting point
(nonintersecting linear noncompetitive), as illustrated in Fig. 2. Both the
slope and intercept change conspicuously at increasing concentration of
GCDES (0-5%, 0-108 pM), indicating GCDES induced a mixed inhibi-
tion mechanism in M. thermophila laccase. The varying slopes and ab-
scissa intercepts in the plots indicated that GCDES is a noncompetitive
inhibitor with respect to ABTS, where GCDES does not compete with
ABTS for the active site but affects the other binding sites that interfere
with the binding of ABTS. The potential hydrogen bond interaction in
the GCDES (between glycerol and choline chloride) may possibly lower
the affinity between ABTS and laccase active site, causing an increase in
apparent K, when the concentration of GCDES increases. The values of
apparent K, and Vi, for different concentrations of GCDES are listed in
Table 2. The apparent Viyax (Vimax*F) decreased with the increase in
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Fig. 2. Lineweaver-Burk plot for kinetic analysis of M. thermophila laccase in-
hibition by GCDES.

Table 2

Apparent K;,, and V., values for different concentrations of GCDES.
% GCDES (v/v) Vmax™ (nmoles min 1) K %P (M)
0 11.493 £ 0.5 52.151 + 2.0
1 10.559 + 0.3 55.843 + 2.8
2 9.060 £+ 0.2 50.973 £2.3
3 6.953 + 0.1 50.003 + 2.6
4 6.082 + 0.5 58.016 + 3.5
5 5.202+ 0.3 79.011 £2.2

(interceptyg versus [GCDES]) (Figs. 3 and 4 ) were constructed from the
data of the double reciprocal Lineweaver-Burk plot in Fig. 2. It showed a
parabolic pattern where the graph curved upwards with concavity. The
parabolic behavior of the replots indicates that the inhibition is a
nonlinear parabolic non-competitive type (S-parabolic I-parabolic
noncompetitive) of inhibition where S represents the slope and I rep-
resents the intercept [44,45]. This further confirms that GCDES follows a
partial inhibition mechanism as pure noncompetitive inhibition would
yield linear replots. The nonlinear noncompetitive pattern suggests that
there is more than one molecule of GCDES binding on the enzyme and
contributing to the inhibition mechanisms where the enzymatic com-
plexes result in a complex interaction with laccase. Employing the curve
fitting method, both the slope and intercept plots can be described by a

T 1
0 20 40 60 80 100
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Fig. 4. Replot of intercepts of the Lineweaver-Burk plots against the concen-
tration of GCDES.

second order polynomial equation with respect to GCDES, where a
parabolic equation with a correlation coefficient of 0.98 and 0.99
respectively for slope replot and intercept replot was obtained. Third
order polynomial fitting resulted in 0.99 correlation coefficient, but this
is not considered in this study due to the complexity of the model.
Hence, based on the fit, the two molecules of GCDES binds to the free
enzymes (forming EIZ) and enzyme-substrate complex (ESIZJ. The pro-
posed reaction mechanism and the respective equation reaction is
shown in Table 3. From the proposed mechanism, both models allowed
the binding of two inhibitor molecules to the ESI complex which are the
possible scenarios of the reaction of laccase with ABTS as the substrate
and GCDES as the inhibitor.

The presence of two mutually exclusive binding sites (multisite in-
hibition system) at the enzyme was shown in the parabolic pattern of
Dixon plot (1/V versus [I] at a fixed concentration of ABTS) (Fig. 5). The
curve became increasingly parabolic with decreasing ABTS concentra-
tions. The parabolic behavior of the Dixon plot makes is unsuitable for
the determination of the binding constant of the inhibitor (Kj). In this

Table 3

Enzyme and Microbial Technology 150 (2021) 109890

084 = 25uMABTS "
e 50 uM ABTS /
074 A 75uMABTS
v 100 uM ABTS
0.6 + 150 pM ABTS ’
5 e
go5- .
=
= » A
E 04+
2 i~ ‘ v
0.3 - . = o = .
e A !
0.2 o re .
) S ¥ M
5
014 ¥
T T T T T 1
0 2 40 60 80 100
GCDES (uM)

Fig. 5. Dixon plot of M. thermophila laccase at fixed ABTS concentration with
varying concentration of GCDES.

type of inhibition, the inhibitor interacts with the enzyme at the active
site as well as other binding sites [44]. Evidently, GCDES acts as a
nonlinear noncompetitive mixed inhibitor where it interacts with the
residue surrounding the enzyme active site, thus preventing the binding
of substrate; the inhibitor also interacts with the enzyme at a different
binding site and induce structural changes in the enzyme, resulting the
enzyme-substrate complex inactive in the reaction system of
M. thermophila laccase. Two non-mutually exclusive inhibitor binding
sites exists in laccase and the binding of inhibitors will eventually lead to
the formation of abortive complexes where no product can be formed.
Consequently, parabolic inhibition is always a complete inhibition, as
saturating concentrations of inhibitor will ultimately drive all enzymes
into abortive complexes. The S-parabolic I-parabolic inhibition was
modelled using Matlab™ according to the equation provided by
Leskovac (2003) to obtain the constant of the velocity equation (Eq. 8,
supplementary information) [45]. The full equation with values ob-
tained from the software is as shown in Table S1 with an R? value of
0.95. The constants a—f are interaction factors that represent the effects
of inhibitor binding on EI, ESI, IEI, and multiple inhibitors (I) on E

Mixed noncompetitive inhibition models where E = enzymes, S = substrate, I = inhibitor. Modified from [60].

Proposed mechanism

1
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complexes upon GCDES exposure.

3.3. Differential scanning calorimetry

The thermal stability of M. thermophila laccase was studied in 5 % v/v
of LCDES, LBDES, GCDES and GBDES, respectively. In general, the
extent of hydrogen bonds, free volume, and the hydration level of the
structure in DES can affect the thermostability of the protein. The in-
crease in thermal stability of the protein is reflected by an increase in the
thermal transition temperature Ty, (the maximum of each thermogram
curve where Ty, corresponds to the temperature that causes the protein
to unfold) and the transition of a protein from its native state to the
denatured state is accompanied by the rupture of both the intra-
molecular bonds and intermolecular bonds. Table 4 showed that
M. thermophila laccase denatured at 86.7 °C in 50 mM sodium acetate
buffer pH 5. The thermal stability of M. thermophila laccase increases the
most in the presence of LBDES, where the Ty, is 88.5 °C, followed by
LCDES with a Ty, of 88.0 °C, GCDES with a Ty, of 87.4 °C, and GBDES
with a T, of 86.9 °C. The best degree of protein stabilization was ach-
ieved in the presence of LBDES. Generally, all four DES have a stabilizing
effect on M. thermophila laccase.

3.4. Structural studies of M. thermophila laccase with LCDES

Attempts to crystallize DES with laccase were carried out by soaking
the crystal with DES before flash freezing to investigate the effects of
DES on the protein structure. The crystal structure of the APO protein
was obtained at 1.5 A (Fig. S2) and its refinement statistics is shown in
Table S2. The calculated molecular weight without the carbohydrates is
67.6 kDa and the molecular weight obtained from analytical size
exclusion chromatography (multiangle light scattering, MALS) is 115
kDa for the single chromatographic peak observed by analytical size-
exclusion chromatography (Fig. S3). Fig. 6 illustrates the protein
structure of the protein crystal soaked with LCDES (1.7 :\) after struc-
tural alignment with apo-protein (1.5 A) and removing the overlapped
molecules. From Fig. 6, it is noticed that there is an increase in the
number of bound water molecules in the structure, located in both the
surface as well as the interior of the enzyme, forming a hydration layer
around the protein. The increase in the number of water molecules can
be seen in Table 5, which also showed the change in the unit cell
dimension upon exposing to DES.

The changes in root mean square deviation (RMSD) of the crystal
with DES are shown in Table 6. It is notable that the changes in domain-I
and domain-III are more apparent, compared to the changes of RMSD in
domain-II. The backbone of the protein is minimally changed, indicating
that the backbone of the protein is unable to interact with the organized
water molecules around the DES, similar to the reported results [61].
From the apo-structure of laccase, the mononuclear copper center (T1
copper) of M. thermophila laccase is located in domain-III, being the
primary electron acceptor site where laccase catalyzes four one electron
oxidations of a reducing substrate. The trinuclear cluster (T2 and T3) is
positioned at the interface between domain-I and domain-III, where
domain-III contributes to the formation of the trinuclear copper center
binding site. Studies showed that domain-IIl in multicopper oxidase
comprises of the putative substrate-binding site that is located on the
surface of the protein close to the mononuclear copper center [62],

Table 4
Melting temperature of M. thermophila laccase in different DESs.

Types of DES Melting temperature, Ty, (°C)

Control 86.7 + 0.06

https://reader.elsevier.com/reader/sd/pii/S0141022921001484?token...46E0A80D3B8C&originRegion=us-east-1&originCreation=20210915182544
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Fig. 6. Crystal structure of M. thermophila laccase (APO, brown) and with
LCDES (cyan) after matching after removing the overlapped water molecules.
Copper ions are shown as brown spheres and calcium ions (present in the
crystallization solution) are shown as green spheres (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article).

Table 5
Changes of crystal with addition of DES.

Description Unit cell: a, Resolution No. of water RMSD
b,c (A) molecules
APO 67 129 163 1.49 449 -
15 % v/v 67 128 163 1.64 532 0.062
LCDES
25 % v/v 67 130 165 1.78 481 0.1
LCDES
Table 6
Changes in root mean square deviation.
Domain
Description Whole Backbone
I o I
15 % v/v LCDES 0.350 0.062 0.065 0.049 0.059
25 % v/v LCDES 0.432 0.1 0.106 0.075 0.102

which is consistent with the aforementioned potential binding sites of
ABTS. The RMSD obtained shows more changes occurred in the trinu-
clear active site of the protein in the presence of DES (Fig. 7). The
crystallographic data collection and refinement statistics for
M. thermophila laccase with LCDES is shown in Table S3.

Crystals of protein generally contain up to 70 % of water, which
reflects a wide range of nonrandom hydrogen bonding environment
[63]. In typical lattice of protein crystals, some of the waters are in fixed
positions and are observed every time the structure is determined, while
others are in nonunique positions, reflecting the water-protein in-
teractions that hydrates either the surface or the protein core. Generally,
the stability, structure and function of the protein are influenced by the
surrounding water molecules, through solvation and hydrophobic ef-
fects as well as the formation of specific hydrogen bonds [63-65]. In
other words, protein dynamics and activity were affected by solvent
dynamics. The additional water molecules observed in the presence of
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Fig. 7. Changes in the amino acids surrounding the trinuclear copper cluster in
the presence of LCDES (cyan colored structure).

the structural and thermal stability of the protein [61,66]. The obtained
crystal structure substantiated the previous speculations stating a hy-
dration layer was formed around the protein when DES is added. This
structural data is well-correlated to the activity and stability data
justifying that DES is able to facilitate the enzyme stability and activity.

In addition, water molecules also act as a lubricant that ease the
changes of hydrogen bonding patterns responsible for drastic confor-
mational changes [67,68], which is in agreement with the obtained
result which showed that there is a significant alteration in the unit cell
of the crystal lattice of laccase but without drastic structural changes in
the presence of DES. The strong hydration of the protein residues pro-
motes the existence of a peptide/solvent interface where the intermo-
lecular hydrogen bonds insert the surface structure of the protein into
the water-hydrogen bond network, leading to increase catalytic activity
and enhanced stabilization of the protein [69-71]. It is important to note
that that it is the amount of water associated with the enzyme rather that
the total water content in the reaction system that affects the catalytic
activity of the enzyme, which can be quantify by the thermodynamic
water activity (a,) parameter. It is therefore reasonable to infer that,
from the crystallography data, the increased number of water molecules
in M. thermophila laccase in the presence of DES result in an increase in
hydrogen bonds, causing slight conformational changes that leads to
increase in protein stability and changes in enzymatic activity.

The positive effects of DES on biocatalysis have been reported in
several studies. For example, lysozyme in mixture of chlorine chloride:
glycerol and water retained its structure with small differences in
conformation compared to in pure buffer [66]. Molecular dynamics
simulation has demonstrated that the hydrogen bond between glyceline
(mixture of choline chloride: glycerol DES in a ratio of 1: 2) molecule
and Trp-cage mini-protein results in a more rigid protein [72]. This
study proves that the addition of LCDES (choline chloride: lactic acid)
increases the catalytic activity of laccase with ABTS as the substrate.
From the superimposed structure, the reaction of ABTS and laccase
occurred on the surface, and this substantiates that the change in the
catalytic activity of laccase in the presence of DES is due to the extra
water molecules present.

3.5. Fluorescence spectroscopic analysis (Intrinsic fluorescence)

https://reader.elsevier.com/reader/sd/pii/S0141022921001484?token...46E0A80D3B8C&originRegion=us-east-1&originCreation=20210915182544
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natural fluorophores. Generally, the exposed of tryptophan to the sur-
rounding environment causes the emission spectra to red shift and a
blue-shifted emission spectrum will appear when the tryptophan be-
comes embedded (from polar to a less polar environment) [73]. The
emission maximum of tryptophan in water is at 350 nm and typically
shifts to between 310 nm—324 nm in non-polar protein regions [74].

The intrinsic fluorescence study of M. thermophilla laccase with
different concentrations of LCDES, LBDES, GCDES and GBDES excited at
295 nm is carried out to elucidate the effects of DES on the conformation
of M. thermophilla laccase. The emission spectrum obtained solely
demonstrated the behavior of tryptophan residue as the excitation is at
295 nm. The emission spectrums for LBDES, LCDES, GCDES and GBDES
at different concentrations are shown in Fig. 8 with the maximum
wavelength of different concentration of different DES summarized in
Fig. 9. For M. thermophilla laccase (without DES), a single emission peak
at 325 nm is observed, indicating the tryptophan residues are distributed
between polar and non-polar environments. From Fig. 8, all the spectra
red shifted upon the addition of DES, with LCDES shows the most
prominent increase in maximum wavelength. In 5 % v/v and 10 % v/v of
LCDES, the maximum fluorescence wavelength (Apax) increases (red
shifted) from ca. 325 nm to ca. 330 and ca. 335 nm respectively followed
by the increase in intensity compared to the untreated laccase. At higher
concentrations (20 % v/v and 30 % v/v), the emission intensity de-
creases considerably with a red shifted Apax. The maximum fluorescence
intensity in the presence of LBDES increases with increasing concen-
tration of LBDES. For GCDES and GBDES, the Apax red-shifted slightly
with increasing concentration, but the intensity fluctuates minimally in
different concentrations of GCDES.

The red-shifted emission spectrum upon the addition of DES implies
that DES induce conformational changes in M. thermophilla laccase,
where the Trp residues are exposed to a different microenvironment.
Generally, the emission spectrum reflects the nature of the microenvi-
ronment of the fluorophores [74]. Therefore, the changes in the emis-
sion maximum upon the addition of DES are the direct result of changes
in the local environment of the Trp residues present in the protein. All
DESs used in this study cause M. thermophilla laccase to have a more
relaxed structure. Based on this result, the increase in water molecules in
the presence of LCDES, as demonstrated in the crystal structure of the
protein causes an increase in conformational flexibility, ‘loosening’ the
protein structure. The results of intrinsic fluorescence validate previous
hypothesis in kinetic studies where DES triggered conformational
changes in M. thermophilla laccase. The spectroscopic and activity data
indicates that M. thermophila laccase, a more relaxed structure triggers
an increase in activity. However, the changes in protein compactness
cannot be deduced based on the intensity (quantum yield) of the emis-
sion, especially on a multi-tryptophan protein. The emission intensity is
affected by various factors, including the presence of amino acid side
chains, peptide bonds, disulfides, and amides that act as fluorescence
quenchers, resulting changes in fluorescence intensity [74,75]. As
M. thermophilla laccase is a multi-tryptophan protein (15 Trp), it is
difficult to distinguish the exact Trp residue that contributes to the
changes in the spectroscopic signal as each Trp residue contributes un-
equally to the total emission.

3.6. Circular dichroism spectroscopy

Circular dichroism was used to determine the changes in the sec-
ondary structure of M. thermophilla laccase after being exposed to
GCDESs at different concentrations. However, we were unable to
analyze CD spectra for GBDES and lactic acid-based DES (both LCDES
and LBDES) due to high dynode voltage below ~215 nm and high noise
to signal ratio in the CD signal. Therefore, only the CD spectra for GCDES
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216 nm (Fig. 10), which is close to the 218 nm minimum in CD spectra of
B-sheet structure proteins [76]. These findings are in agreement with the
three-dimensional structure of M. thermophila laccase obtained in the
previous section. From the Figure, the minimum shifted to lower
wavelengths (—215 nm) as the concentration of GCDES increased. CD
spectra of random coil containing peptides has a strong negative signal

https://reader.elsevier.com/reader/sd/pii/S0141022921001484?token...46E0A80D3B8C&originRegion=us-east-1&originCreation=20210915182544

indicates slight increase in structural disorder.

slight increase in random coil content indicating loss of structure in
certain specific region in the presence of GCDES. This is consistent with
the decrease in activity observed previously.

4. Conclusion

The present study determined the effects of different DESs on laccase
activity. GCDES and LCDES showed inhibitory effects on M. thermophila
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concentration of GCDES revealed that GCDES acts as a S-parabolic-I-
parabolic mixed non-competitive inhibitor (non-linear inhibitor) and
there are multiple binding sites exist on M. thermophila laccase. Crys-
tallographic structural analysis of M. thermophila laccase crystal soaked
in LCDES showed that there is an increase in the number of bound water
molecules in the structure, causing changes in the local environment of
the amino acid, leading to structural changes of the protein. Both kinetic
and structural study of M. thermophila laccase in the presence of DES
demonstrated that DES induces conformational changes which can
promote protein folding and affect enzyme activity and thermostability.
Lactic acid based DESs possess high activation effects, owing to the self-
hydrogen bonds formed in addition to the hydrogen bonds present in
DES, which, in turns, causes the significant elevation in laccase activity.
These results provide new understandings toward application of laccase
with DES for biomass processing.
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