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Abstract

In the present study, specificity of laccase from Stropharia sp. ITCC-8422 against various substrates, i.e. 2,2-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2,6-dimethoxyphenol (DMP), guaiacol (GCL) and syringaldazine (SYZ)
was determined. It exhibited maximum affinity against ABTS, followed by DMP and negligible activity for GCL and SYZ.
As the concentration of substrate increased from 0.5 to 1.5 mM (ABTS) and 1 to 5 mM (DMP), the activity increased from
301.1 to 567.8 U/L and 254.4 to 436.2 U/L. Further, quadrupole time-of-flight liquid chromatography mass spectrometry
(QTOF-LCMS) analysis of the extracellular proteome of Stropharia sp. ITCC-8422 identified eighty-four (84) extracellular
proteins. The peptide sequence for the enzyme of interest exhibited sequence similarity with laccase-5 of Trametes pube-
scens. Using high molecular mass sequence of laccase-5, the protein structure of laccase was modelled and binding energy
of laccase with four substrates, i.e. ABTS (— 5.65), DMP (— 4.65), GCL (— 4.66) and SYZ (— 5.5) was determined using
autodock tool. The experimental and in silico analyses revealed maximum activity of laccase and lowest binding energy with
ABTS. Besides, laccase was purified and it exhibited 2.1-fold purification with purification yield of 20.4% and had stabil-
ity of 70% at pH 5-9 and 30-40 °C. In addition, the bioremediation potential of laccase was explored by in silico analysis,
where the binding energy of laccase with alizarin cyanine green was — 6.37 and both in silico work and experimental work
were in agreement.
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Introduction

The multicopper oxidases (MCOs) consist of a family of
enzymes which couples the reduction of molecular oxygen
to water. The MCO superfamily consists of laccase (EC
1.10.3.2), ascorbate oxidase (EC 1.10.3.3), ferroxidase (EC
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1.16.3.1), nitrite reductase (EC 1.7.2.1), bilirubin oxidase
(EC 1.3.3.5) and ceruloplasmin (EC 1.16.3.1) where laccase
has broad substrate specificity, e.g. polyamines and certain
inorganic compounds (Baldrian 2005; Madhavi and Lele
2009; Janusz et al. 2020). Laccase is a glycosylated mono-
mer or homodimer protein (Madhavi and Lele 2009) where
10-50% of the molecular mass of protein is due to glyco-
sylation of which mannose is a major component attached to
laccase (Madhavi and Lele 2009; Cannatelli and Ragauskas
2017).

Laccase consists of four copper atoms which are clas-
sified into three sites, i.e. Type 1 (T1 Cull), Type 2 (T2
Cull), Type 3 (T3 binuclear Cull-Cull cluster), where
Type 2 and Type 3 form a trinuclear Cu cluster. The met-
allo-organic bond of T1 Cull consists of two histidines
and one cysteine along with the side chain of methionine,
leucine or isoleucine. On the other hand, T2 Cull and T3
Cull consist of two and six histidine ligands, respectively
(Komori and Higuchi 2015). The mechanism of action
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involves the reduction of T1 Cu by substrate, followed by
the transfer of electron over a distance of approximately
13 A from T1 Cu to trinuclear cluster, and lastly oxy-
gen reduction at the trinuclear cluster (Solomon 2001;
Mukhopadhyay 2018). The oxidation of substrate occurs
through T1 Cull due to electron transport and it has to be
noted that the enzyme—substrate specificity is due to the
structure—activity relationship at the site rather than the
trinuclear cluster (Quintanar 2007).

The structure, function, and application of laccases in
various sectors have been studied in detail; however, their
potential is yet to be explored (Agrawal et al. 2018). The
wide application of fungal laccase is due to its ability to
oxidize a wide range of compounds as it has high redox
potential. It is due to this fact that laccases have gained wide
interest among the researchers and also have a wide range
of application, e.g. dye decolorization, delignification and
effluent treatment (Agrawal et al. 2019; Agrawal and Verma
2019a; 2019b; Huang et al. 2020). Laccase based on the
redox potential (E,) has been classified laccase into two
types, i.e. low (500 mV versus normal hydrogen electrode)
and high (700-800 mV) E, laccase (Xu et al. 1998; Gara-
vaglia et al. 2004). The biological functions of laccase have
been studied in detail, though the statistical (docking) stud-
ies of laccases with various substrates are still in the budding
stage and the detailed study will enable the researchers for
successful exploitation of laccases in various industrial and
biotechnological sectors (Kameshwar et al. 2018; Hongyan
et al. 2019).

As per our knowledge, the information on docking is scat-
tered with respect to laccase. Thus, in the present study, a
bioinformatic tool was used to analyse the substrate speci-
ficity via docking studies using laccase from Stropharia sp.
ITCC-8422. In addition, the statistical (docking) studies
were further extended to evaluate the bioremediation poten-
tial of laccase for the anthraquinone dye alizarin cyanine
green. The sequence analysis of the extracellular peptide
was carried out using quadrupole time-of-flight liquid chro-
matography mass spectrometry (QTOF-LCMS) and the
substrate specificity was determined via docking of enzyme
with four different substrates, i.e. 2,2-azino-bis (3-ethylb-
enzothiazoline-6-sulfonic acid) (ABTS), guaiacol (GCL),
2,6-dimethoxyphenol (DMP) and syringaldazine (SYZ). In
addition, using in silico analysis, the chemical events under-
lying the higher specificity of ABTS with laccase were also
inferred. Further, the potential application of laccase in dye
decolorizing of anthraquinone dye alizarin cyanine green
was also determined via experimental and in silico analysis.
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Materials and methods
Chemicals and reagents

ABTS was purchased from Sigma; GCL and DMP were pur-
chased from Hi-media; SYZ was purchased from Merck India.
All other chemicals were of analytical grade and purchased
from Hi-Media and Merck, India.

Sample preparation

The strain was previously isolated in our laboratory and identi-
fied at Indian Type Culture Collection (ITCC), Indian Agricul-
tural Research Institute (IARI), New Delhi. Later, the identi-
fied strain Stropharia sp. was deposited under the accession
number ITCC-8422 (Agrawal and Verma 2019a). The strain
Stropharia sp. ITCC-8422 was maintained on malt extract agar
(MEA) plates at 4 °C until further use. The media used for lac-
case production using Stropharia sp. ITCC-8422 consist of
(g/L) KH,PO, 7, K,HPO, 2, MgS0,.7H,0 0.1, (NH,),SO,
0.1, yeast extract 0.6, glucose 10 and pH 7. The fermentation
was performed in 250-mL Erlenmeyer flask containing 50 mL
media. The media was inoculated with two cubes (6 mm) of
Stropharia sp. ITCC-8422 and incubated at 30 °C for 22 days.
The crude supernatant was extracted on maximum day (16th
day), centrifuged at 5850 g, and stored at 4 °C until further use.

Laccase activity and protein estimation

Laccase activity was determined quantitatively by meas-
uring change in absorption of ABTS, GCL, DMP, and
SYZ at 420 nm, £420=36,000 M~! cm™ !, 465 nm
€465=12,100 M~ ' cm™ ', 469 nm £469=14,800 M~ ' cm™ ',
525 nm £525=65,000 M~ ' cm™ ! for 5 min using a digital
spectrophotometer (Labtronics; Model: LT-39). The con-
centration of the substrates was varied as follows: ABTS
(0.5-1.5 mM), DMP (1-5 mM), GCL (20-30 mM) and SYZ
(10-30 mM). ABTS, GCL and DMP were dissolved in sodium
acetate buffer (0.1 M), pH 5, and SYZ was dissolved in 70%
ethanol (Bourbonnais et al. 1995; Srinivasan et al. 1995; Jol-
ivalt et al. 2005; Wu et al. 2010; Rajagopalu et al. 2016). One
unit of enzyme activity is defined as the amount of enzyme
oxidizing 1 pmol of substrate min~ . The estimation of protein
was done by Lowry’s method (Lowry et al. 1951) using bovine
serum albumin (BSA) as the standard. All the experiments
were performed in triplicates.

Molecular mass determination, sample preparation
and analysis of peptides using QTOF-LC-MS

The protocol used for the determination of the approxi-
mate molecular mass of laccase from Stropharia sp.
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ITCC-8422 was as per Laemmli (1970). After electropho-
resis, the gel was stained using silver staining technique.
Silver staining was carried out for the determination of
the crude protein from Stropharia sp. ITCC-8422. The
gel was fixed using the fixative solution (100 mL-meth-
anol 50%, acetic acid 10%, formaldehyde 50 pL) for 1 h.
Then the gel was washed with wash solution (50% etha-
nol) three times for 20 min each, followed by treatment
with hypo-solution (sodium thiosulfate 20 mg/100 mL).
The gel was further washed with water three times
for 20 s each and treated with silver nitrite solution
(200 mg/100 mL) for 30 min followed by three times
washing with water for 20 s each. Then the developing
solution (100 mL-sodium carbonate 6 g, hypo-solution
2 mL, formaldehyde 50 pL) was added and incubated
until the bands were observed. After the gel developed,
stop solution (5% acetic acid) was added and the gel was
stored in the above-mentioned fixative solution. The con-
firmation of the presence of laccase was done by zymog-
raphy using ABTS as the substrate.

The analysis of peptides from Stropharia sp. ITCC-
8422 was done using Agilent 6546 QTOF-LCMS System
(Agilent Technologies Singapore) at Agilent Technolo-
gies, Centre of Excellence Manesar, Gurugram, India.
The strain Stropharia sp. ITCC-8422 was inoculated
in the media and on the day of maximum laccase activ-
ity, the culture supernatant was centrifuged for 10 min
at 5850 g at 4 °C. To the cell-free supernatant, chilled
acetone at — 20 “C was added in the ratio of 1:4 vortexed
and incubated for 60 min for effective precipitation of
the protein (Tiwari et al. 2016). After precipitation, the
protein pellet was obtained after centrifugation for 15 min
at 5850 g at 4 °C. The protein sample (total protein 1 mg)
was added to 6 M urea, 100 mM Tris buffer (pH 7.8),
followed by the addition of a reducing agent (200 mM
DTT dissolved in 100 mM Tris, pH 7.8). The protein was
gently vortexed, and alkylated for 1 h at room tempera-
ture (28 +2 ‘C). After the incubation, alkylating reagent
(200 mM iodoacetamide in 100 mM Tris pH (7.8) was
added, vortexed and incubated for 1 h at room tempera-
ture. The reducing agent was added again to remove the
unreacted iodoacetamide, mixed and incubated for 1 h.
The concentration of urea was reduced by diluting the
reaction with water to approximately 0.6 M where chymo-
trypsin retains its activity. To the sample, chymotrypsin
(20 pg) was added, gently vortexed and digested overnight
at 37 ‘C. Chymotrypsin provides protease-to-substrate
ratio of 1:50. After the completion of incubation, pH
was reduced to less than 6 using acetic acid (Kislinger
and Emili 2003; Kinter and Sherman 2005; Ghosh et al.
2015). The peptides were analysed using Advance Bio-
peptide Column 2.1 X 100 mm, 2.7-micron (Agrawal and
Verma 2020).

Three-dimensional (3D) structure of laccase

The homology modelling of laccase was performed to pre-
dict the 3D structure. The peptide sequence of laccase from
QTOF-LCMS as mentioned previously (RLVSISCDPN-
FTF) was subjected to BlastP (Altschul et al. 1990). The
amino acid sequence of laccase-5 from Trametes pubescens
showed significant sequence alignment with queried pep-
tide; thus, homology modelling was carried out from the
amino acid sequence of laccase-5 using web-based server
Phyre2 (https://www.sbg.bio.ic.ac.uk/phyre2), where hid-
den Markov method generated the alignments of laccase
against the already existing template protein structure. The
structure was obtained and used to produce a homology-
based model of the desired protein sequence followed by the
prediction of 3D structure. It also uses Poing (ab initio fold-
ing stimulation) model to detect minimum or no similarities
with already known structures (Thakur and Shankar 2016).
Initially, the FASTA sequence of laccase-5 was subjected
to the Phyre2 server under an intensive mode, and template
‘clgycA’ was (with confidence 100% and identities 73%)
used. Further, the stereo-chemical quality of a protein struc-
ture was performed using the RAMPAGE server (https://
mordred.bioc.cam.ac.uk/~rapper/rampage.php). The phylo-
genetic analysis was performed from the peptide sequence of
Stropharia sp. ITCC-8422 using BlastP. Multiple sequence
alignment using Constraint-based multiple Alignment Tool
(COBALT) at NCBI was done. Protein sequences retrieved
in clustal format were subjected to MEGA (v10.1.8) soft-
ware for the construction of evolutionary relation followed
by phylogenetic analysis of the sequence (Kumar et al.
2018). Maximum-likelihood method in the MEGA (v10.1.8)
software was used for the construction of the phylogenetic
tree. The phylogenetic tree was constructed using bootstrap
testing with 1000 replicates.

Molecular docking studies

The molecular docking was performed using Autodock tool-
1.5.6 and the docking scores were calculated. The prepara-
tion of the ligand was done by adding Gasteiger charges,
H-bonds (polar) along with well-defined rotatable bonds.
The setting used was random for the initial position, ori-
entation, and torsions of the ligand molecules. While the
docking analysis was performed, the rotatable torsions
were released and the parameters searched consisted of
Lamarckian genetic algorithm followed by 50 runs. The
Autogrid program was used to generate affinity (grid) maps
of 90x 860 % 104 xyz A grid points and 0.636 A spacing. The
van der Waals and electrostatic terms were calculated using
the Autodock parameter with distance-dependent dielectric
functions. The docking experiment consisted of 50 differ-
ent runs which were terminated after energy evaluation of
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25 k and other docking parameters mentioned in the study
by Zhou et al. (2014) were used where a translational step
of 0.2 A, and quaternion and torsion steps of 5 were applied
during the search (Xiao et al. 2009; Lin and Lapointe 2013).
From the docking analysis, binding energy and inhibition
constant were inferred and the interactions of both the
ligands were compared to determine the binding energy
(Tiwari et al. 2019). The result was obtained from 50 runs,
and the hydrophobic and H-bond interactions between the
ligands and receptor of the docked complex were analysed
using the Chimera 1.14 tool.

Determination of Michaelis-Menten constant (K,
andV,..)

The laccase was purified using the methodology used in
our previous study (Agrawal et al. 2019). The kinetic con-
stants K, and V,,, were calculated using standard reaction
mixtures of the substrates and laccase. The assay reaction
for laccase consisted of substrate ABTS, DMP and GCL
(1-10 mM) dissolved in 0.1 M sodium acetate buffer pH 5
and 30 °C. The K,, and V,,,, were calculated using a double-
reciprocal plot method of Lineweaver and Burk plot of 1/
[V] against 1/[S] giving intercepts where V is the enzyme

activity and S substrate concentration.
pH and thermal stability of laccase

pH stability was determined by incubating laccase at a pH
range of 2—11 and the thermal stability was performed at a
temperature range of 30-60 °C under optimized conditions
(Daroch et al. 2014; Fithri et al. 2020). The residual activity
at pH and temperature were determined at a regular interval
of 12 h using standard assay condition.

Effect of metal ion and inhibitor on laccase

Various metal ion and inhibitors were used, Zn>*, Cu**,
Ag?t, KT, Mg?*, Ni?*, Ca’*, Fe?*, SDS, sodium azide
(NaN;) and EDTA, under the optimum condition to deter-
mine its effect on the residual activity of laccase at 1 and
5 mM concentrations (Mukhopadhyay and Banerjee 2015).
The residual activity was determined after 12 h of incubation
using standard assay conditions.

Experimental and in silico analysis of the dye
decolorization potential of laccase

The dye alizarin cyanine green was selected and the decolor-
ization potential at a regular interval of 6 h was determined
in media as mentioned by Agrawal and Verma (2019a) for
48 h at 28 +2 “C. The experimental analysis was performed
in triplicate. The docking of alizarin cyanine green was done
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with laccase. For enzyme—dye interaction, the structure of
the dye was obtained from PubChem (https://pubchem.ncbi.
nlm.nih.gov/). Docking analysis was carried to calculate
binding energy and inhibition constant, and the enzyme—dye
complex was analysed using Chimera 1.14 tool.

Results and discussion

Laccase activity of multicopper oxidases using
various substrates

Laccase is able to oxidize phenolic substrates, mediated by a
copper-containing active site; as a result, various substrates
have been reported for the detection of laccase activity
(Pundir et al. 2016; Kolomytseva et al. 2017; Mtibaa et al.
2018; Wang et al. 2018). Thus, the enzymatic profiling was
done using various substrates for 22 days and the maximum
affinity was exhibited by 0.5 mM ABTS (2.1, 180.4 U/L)
followed by 1 mM DMP (1.1, 120.3 U/L) on the 4th and
12th days (Fig. la). The activity detected was negligible
for GCL and SYZ. As the incubation time increased, the
activity increased to 302.8 U/L (ABTS) and 252.3 (DMP)
U/L on the 16th day. In Fig. 1a, first (trophophase) and sec-
ond (idiophase) peaks were observed on the 14th and 16th
day. It has been previously reported that the presence of two
peaks indicates constitutive laccase production and it can be
due to protease secretion which leads to proteolysis of lac-
case in culture media (Palmieri et al. 2001; Staszczak 2002;
Staszczak and Jarosz-Wilkotazka 2005) or due to the insta-
bility of laccase in the growth conditions or due to the pres-
ence of independent genes of differential expression which
allows the expression of various isoenzymes (Klonowska
et al. 2001). However, as per our knowledge, and hypothesis
regarding the physiological significance, repetitive laccase
production has not been studied in detail.

The preliminary screening of desired protein consists of
laccase assay, an enzyme—substrate reaction that is a time-
dependent process. The product formed as a result of oxida-
tion during the assay is of prime importance for the detec-
tion of laccase (Agrawal and Verma 2019c). As the initial
assay was performed using crude laccase from Stropharia
sp. ITCC-8422, its affinity against various substrate was
determined at a protein load of 0.16 mg/mL. The analysis
of the specificity of enzymes against various substrates ena-
bles better detection of the desired protein in the extracel-
lular crude extract with enhanced confirmation. The maxi-
mum specificity was with ABTS and as the concentration
increased, the activity increased from 301.1 to 567.8 U/L
at 0.5 and 1.5 mM, respectively. Similarly, in the case of
DMP, the activity was 254.4, 199.9 and 436.2 U/L at 1, 2
and 5 mM, respectively (Fig. 1b). The results of the substrate
affinity are in co-ordination with the previously reported
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Fig. 1 The substrate specificity of laccase from Stropharia sp. ITCC-
8422 with 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) and 2,6-dimethoxyphenol (DMP). a Enzymatic profiling
of laccase using ABTS and DMP at regular intervals for 22 days; b

data (Agrawal and Verma 2019c) where laccase from Myr-
othecium verrucaria ITCC-8447 and Pleurotus ostreatus
showed maximum substrate affinity against ABTS, followed
by DMP, GCL, and least affinity or negligible activity was
detected with SYZ. The optimum pH of laccase is dependent
on the substrate, where the optimum pH of fungal laccase
for phenols and non-phenolic substrate ranges from 3 to 7
and <4, respectively Thus, one main parameter which may
have resulted in the detection of negligible activity in the
case of GCL and SYZ might be attributed to the pH opti-
mum of laccase (Madhavi and Lele 2009).

Also, high specificity of laccase against ABTS has been
reported from Maugniella sp. (Palonen et al. 2003), Tricho-
phyton rubrum LKY-7 (Jung et al. 2002) and Fomitella
fraxinea (Park and Park 2008). As per previously reported
data and kinetics study, ABTS has been reported to be a
suitable substrate for laccase from Pleurotus ostreatus as
compared to DMP (Tlecuitl-Beristain et al. 2008). Xiao et al.
(2003) suggest that ABTS was the best substrate followed by
DMP for laccase from Trametes sp. strain AH28-2. Ramirez-
Cavazos et al (2014) used purified laccase from Pycnoporus
sanguineus, a basidiomycete, and it exhibited a high binding
affinity for ABTS followed by DMP and GCL. Thus, it can
also be inferred that the crude and purified laccase exhib-
its similar substrate affinity, i.e. ABTS followed by DMP
(Tlecuitl-Beristain et al. 2008; Ramirez-Cavazos et al 2014;
Agrawal and Verma 2019c). In the study by Park and Park
(2008), laccase showed high activity with DMP which has a
double methoxy group as compared to GCL which has one
methoxy group, whereas laccase activity was very low with
SYZ. Similarly, in the present study, laccase from Stropharia
sp. ITCC-8422 exhibited highest activity with ABTS fol-
lowed by DMP and negligible for SYZ.

Harkin et al. (1974) has stated SYZ, was a laccase-spe-
cific substrate; however, as per the study by Solano et al.

600 -
2
; 400 4
z
z
v
z 200 A
g
]
-

0 L
1 2 5
ABTS DMP

(b) Substrate concentration (mM)

effect of substrate concentration, i.e. ABTS (0.5-1.5 mM) and DMP
(1-5 mM) on laccase activity (Note: as the activity was negligible for
guaiacol (GCL) and syringaldazine (SYZ), it is not incorporated in
the figure)

(2001) among various substrates, DMP has been regarded
as a best substrate as it has wide oxidation capacity, rather
high molar coefficient and stability of its oxidized dimeric
coloured form, i.e. 3.3",5,5'-tetramethoxydiphenylquinone.
The coefficient of quinone at 468 nm is 14,800 M~ ! cm™!
which is nearly three times higher than the one obtained by
the oxidation of o-methoxyphenol (GCL) to tetraguaiacol
(5570 M~ ' cm™ ") (Solano et al. 1997, 2001). In the study
by Nyanhongo et al. (2006), the substrate oxidation by lac-
case LTM1 did not follow a specific pattern for substrate
oxidation where it had high affinity for SYZ and low for
DMP, and ABTS was observed to be over GCL. Thus, it
was stated that the range of substrates oxidized by laccases
from various sources varies significantly due to differences
in redox potentials of the laccases from different sources as
well as the redox potential of the substrate (Shin and Lee
2000; Nyanhongo et al. 2006).

Further, multicopper oxidase was classified into three
groups, first consisted of real laccase, which oxidized
DMP in the absence of copper supplementation that was
characterized by the linear accumulation of the oxidized
product of DMP. The second group, pseudo-laccase oxi-
dized DMP after the addition of copper supplementation
and consists of copper-tolerance proteins. The last group
showed very slow DMP oxidation and the reaction lasted
for hours in the presence of copper whereas the oxida-
tion was not detected if copper were absent. Also, DMP is
more preferred as it is more easily oxidized than GCL and
the coloured product formed as a result of the oxidation
of DMP is more stable than SYZ, and most importantly
as stated above, the other two groups of multicopper oxi-
dase required copper for the reaction to occur and per-
oxidases require hydrogen peroxide (Solano et al. 1997,
2001; Nakatani et al. 2010). Thus, on the basis of the
above result and reported data, it was confirmed that the
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enzyme produced by Stropharia sp. ITCC-8422 was lac-
case (Agrawal and Verma 2019a) and similar result has
also been reported by previously by Daroch et al. (2014)
in Stropharia aeruginosa.

Analysis of peptides using QTOF-LCMS

The molecular mass of crude glycosylated yellow laccase
from Stropharia sp. ITCC-8422 was determined using silver
staining and the molecular mass ranged from approximately
100 to 135 kDa (Fig. 2a-b). The strain has been reported for
the production of yellow laccase as it lacks absorption at
610 nm (Agrawal and Verma 2019a). Baldrian (2005) had
reported variation in molecular mass of laccases and the typ-
ical fungal laccase has a molecular mass of 60—70 kD. How-
ever, few strains i.e. Phellinus ribis (Min et al. 2001) and
Cantharellus cibarius (Ng and Wang 2004) with a higher
molecular mass of 152 and 92 kDa have also been reported.
It was also stated that these were homodimeric structures
implying that the enzyme has two identical subunits with
molecular mass typical of monomeric laccases (Baldrian
2005). It has also been observed that the molecular mass
of glycosylated laccase is high as compared to de-glyco-
sylated laccase. The pure laccase from strain Pycnoporus
sanguineus CeIBMDO0O01 has a molecular mass of 68 kDa
whereas after N-deglycosylation decrease of molecular mass
by approximately 8—10 kDa was observed (Vite-Vallejo
et al. 2009). Thus, the high molecular mass of laccase is
due to glycosylation and is in accordance with the previous

Fig.2 Silver staining and
zymography analysis of crude
protein from Stropharia sp.
ITCC-8422. a Protein ladder,
b silver staining of crude gly-
cosylated laccase, ¢ zymogra-
phy of the crude glycosylated
laccase with 2,2-azino-bis
(3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS)
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literature. Further, in the case of zymography (Fig. 2c), oxi-
dation of ABTS to form green band confirmed the pres-
ence of laccase in the crude protein. As per Murugesan et al.
(2007), native-PAGE (zymography) of crude enzyme helped
in the identification of the ligninolytic enzyme produced by
Ganoderma lucidum. The crude enzyme showed single lac-
case activity against ABTS and GCL, thus confirming the
presence of laccase from Ganoderma lucidum. Also, in the
study by Li et al. (2009), the crude extract from Rigidoporus
lignosus W1 was run on SDS-PAGE where multiple bands
were observed. Further, after incubating the renaturation gel
with guaiacol, a single band was obtained due to the oxida-
tion GCL, thereby confirming the presence of laccase and its
role in dye removal. Thus, considering the previous concept,
the present study was designed where the silvers staining
of crude laccase showed the presence of multiple bands,
whereas in zymography, staining of only single band was
observed due to the oxidation of ABTS, thus, confirming the
production of laccase by Stropharia sp. ITCC-8422. Also,
QTOF-LCMS was performed to further confirm the pres-
ence of laccase in the extracellular proteome of Stropharia
sp. ITCC-8422. Thus, the data, i.e. laccase assay, zymog-
raphy and QTOF-LCMS, were in correlation with each
other confirming the presence of laccase in crude extract of
Stropharia sp. ITCC-8422.

The QTOF-LCMS was carried out to determine the amino
acid sequence of laccase from Stropharia sp. ITCC-8422.
The extracellular proteome of Stropharia sp. ITCC-8422
identified 84 different proteins among which laccase was

Laccase
» Mol wt :
~100-135KkDa
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one of the identified proteins. Among all the proteins trans-
peptidase, protein kinases, sulfatase, thymidylate kinase, and
many more proteins belonging to various protein families
were identified. The glycosylated yellow laccase exhibited
maximum sequence similarity with laccase-5 from Trametes
pubescens/Trametes versicolor (white-rot fungus; Coriolus
versicolor) with the sequence RLVSISCDPNFTF (Agrawal
and Verma 2020). Similarly, in the work carried out by
Daroch et al. (2014), Stropharia aeruginosa was identified
to produce glycosylated yellow laccases Yellp and Yel3p.
The Yellp protein contained a unique peptide sequence
whereas may be due to the glycosylation, no such peptide
was found in Yel3p protein sequence data. Thus, a more
detailed study is required for a better understanding as well
as more molecular data need to be updated in the database.

Sequence alignment of a peptide sequence

The BlastP of the 13 aa sequence RLVSISCDPNFTF
obtained from QTOF-LCMS was used for the analysis. The
laccase from Stropharia sp. ITCC-8422 showed sequence
similarity (E value le-04) with laccase-5 from Trametes
pubescens with sequence ID OJT07652.1 followed by lac-
case-4 from Trametes versicolor sequence ID BAD98308.1
and so on. The strain Trametes pubescens was considered for
further study as it has high molecular mass as compared to
Trametes versicolor. Further, “Stropharia sp. ITCC-8422”
experimentally showed laccase activity, and considerably
significant E value (1e-04) of the peptide exhibited identity
with laccase-5 from Trametes pubescens. In addition, 13
out 13 amino acids showed 100% identities between query
and subject (a high Scoring Segment). Thus, considering
the experimental data along with a significant E value, the
amino acid sequence of laccase-5 from Trametes pubescens
was used as a template sequence for structure analysis. The
phylogenetic relationship was determined for the peptide
sequence laccase from Stropharia sp. ITCC-8422. It was
observed from the evolutionary tree results that exhibited
sequence similarity with other fungal species from Class
Agaricomycetes (Basidiomycetes) (Supplementary Fig. 1).
It is worth mentioning that strain Stropharia sp. also belongs
to the Class Agaricomycetes.

Three-dimensional (3D) structure of laccase

As the activities of extracellular laccase with four selected
substrates were determined, the molecular docking studies
were further carried out to understand the stability of the
enzyme—substrate complex. The hydrophilic and hydro-
phobic interaction between the enzyme—substrate com-
plexes may shed light on the chemical event taking place
during the interaction. The 3D structure of laccase from
Stropharia sp. ITCC-8422 was a model for the docking

with four different substrates, i.e. ABTS, DMP, GCL
and SYZ (Table 1). The ribbon representation of laccase
has been represented in Fig. 3. Laccase is a multicopper
oxidase that consists of multi-domain cupredoxins, e.g.
nitrite reductase and ceruloplasmin consisting of two and
six domains, respectively (Zaitseva et al. 1996; Murphy
et al. 1997). The common laccases have the presence of
three similar cupredoxin domains where at least seven
B-strands form a p-barrel structure (Hakulinen and Rou-
vinen 2015). The three-domain laccase has been reported
in various strains Lentinus tigrinus (Ferraroni et al. 2007),
Rigidoporus lignosus (Garavaglia et al. 2004), Trametes
hirsuta (Polyakov et al. 2009), etc. among which Trametes
versicolor (Bertrand et al. 2002; Piontek et al. 2002) also
has the presence of three domains which is in correlation
with the present study.

Homology modelling and its validation using
various substrates

The docking of laccase from Stropharia sp. ITCC-8422 was
carried out with four different substrates, i.e. ABTS, DMP,
GCL, and SYZ. The docking analysis revealed the binding
energy and it was observed that laccase exhibited the low-
est binding energy of — 5.65 with ABTS (Fig. 4a). On the
other hand, the binding energy of laccase with the other
three substrates was also determined, where with DMP, GCL
and SYZ, the binding energies were — 4.65, — 4.66, and
— 5.5 (Fig. 4b-d) (Table 2). Thus, the present study is in cor-
relation with the experimental analysis from the previously
reported data where higher substrate specificity with other
laccases from Myrothecium verrucaria ITCC-8447, Pleu-
rotus ostreatus (Agrawal et al. 2019; Agarwal and Verma
2019c), Pycnoporus cinnabarinus (Eggert et al. 1996) and
Mauginiella sp. (Palonen et al. 2003) was with ABTS. The
interactions of laccase with these substrates were varied
due to the formation of H-bonds at different residues of
amino acids (Table 3). The lowest binding energy (— 5.65)
for ABTS substrate forms H-bonds at residue ALA23 and
THR38 with the enzyme. However, a substrate having bind-
ing — 5.5 forms H-bonds at LEU57 and THR38. The forma-
tion of H-bonds at common residue THR38 indicates the
active site for these two substrates (ABS/SYZ). For the other
two substrates (DMP/GCL), we observed a common resi-
due HIS133 of laccase interacting with these two substrates
(Table 4). Our in silico analysis correlates with experimental
data having better enzyme activity with ABTS than these
substrates, e.g. SYZ/DMP/GCL. It also indicates that lac-
case enzymes have more than one active site depending on
the substrate (Quintanar et al. 2007). The Ramachandran
plot analysis inferred that 96.1%, i.e. 465 residues were in
the favoured regions, 2.5%, i.e. 12 in the allowed region and
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Table 1 The structure and CID number of ABTS, DMP, GCL and SYZ

SI. no. Substrate Structure CID number
1 ABTS H3C \\ 16,240,279
N
“03S S ,N_
NH4+\<j[ N>:N S SO5”
NH4*
\\CHg %
2 DMP OH 7041
H3;CO OCH;
3 GCL OH 460
OCHs;
4 SYZ H3CO OCH3 135,401,234
_N-N
HO £ OH
HsCO OCHg

Fig.3 The ribbon representation of laccase predicted using the
sequence obtained after quadrupole time-of-flight liquid chromatog-
raphy mass spectrometry (QTOF-LC-MS)

iglate ¢llo ay .
s st @) Springer

1.4%, i.e. 7 residues (Fig. 5) in outlier region (Lovell et al.
2002).

Determination of Michaelis—Menten constant (K,
andV,,,)

Laccase activity in the extracellular proteome of Stropharia
sp. ITCC-8422 was confirmed by laccase assay, zymogra-
phy and QTOF-LCMS analysis. Thus, to further broaden the
study, the kinetic parameters were determined using purified
laccase from Stropharia sp. ITCC-8422 for ABTS, DMP,
and GCL using Lineweaver—Burk plot. The crude laccase
was purified using ammonium sulphate precipitation and
ion exchange as summarized in Table 5. The protein during
ion exchange was eluted with NaCl gradient (0.1-1 M) and
one prominent fraction was obtained in the 25-28th fraction
(Fig. 6a, b). The maximum activity in 25-28th fraction gave
2.1-fold purification with 20.4% purification yield. As per
our knowledge, the purification fold after ion exchange in the
case of laccase varies (Ko et al. 2001; Junghanns et al. 2009)
and the variation is observed as the purification depends
upon the purification conditions (Zhao et al. 2012; Zhou
et al. 2016).
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ER 135

(d) SYZ

Fig.4 The 3D representation of the interaction of the amino acid residues of laccase with various substrates via in silico analysis. a 2,2-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS); b 2,6-dimethoxyphenol (DMP); ¢ guaiacol (GCL); d syringaldazine (SYZ)

The K, of the purified laccase was 0.74 (ABTS), 9.5
Table 2 The binding energy and inhibition constant of laccase with (DMP), and 1.9 (GCL) mM for ABTS, DMP, and GCL

ABTS, DMP, GCL and SYZ whereas the V, . was 42.0, 185.2 and 36.4 pmol/min/L,
SI. no. Substrate Binding energy Inhibition constant respectively. The lower the K, higher is the affinity of

laccase against the substrate. Thus, maximum affinity
1 ABTS —5.65 72.23

was observed for ABTS, followed by GCL and least by
2 DMP - 4.6 392.43 DMP (Fig. 7a-c). The data are in correlation with the pre-
3 GCL —4.66 383.64 . o .

viously reported data where laccase exhibits maximum
4 SYZ -55 92.52

specificity against ABTS (Palonen et al. 2003; Zhao et al

Pigllase ¢l ay .
e @) Springer
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Table 3 The inter- and intra-model H-bonds of laccase with 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2,6-dimethoxyphe-

nol (DMP), guaiacol (GCL), and syringaldazine (SYZ)

Substrate Donor Acceptor Hydrogen D..A dist D-H..A dist
ABTS ALA 23N UNK 0.A O2 ALA23HN1 3.17 2.292
HoC~
N
NHq =N $TN g0
N
\_ NHq*
CH;
THR 38 N UNK0.AOl THR38HN 3.21 2.23
DMP O H HIS 133ND1 UNK0.A Ol HIS 133 HD1 3.07 2.12
H;CO OCH3
UNKO0.AO3 HIS1330 UNKO0.AHIO 3.389 2.451
GCL HIS 133 ND1 UNK0.A O2 HIS 133 HD1 3.121 2.161
SER 135N  UNKO0.AOl SER135HN 2935 1.919
SYZ THR 38 N UNK0.AO5 THR38HN  3.111 2.104
HsCO OCH;
_N-N
HO N OH
H,CO OCHjs LEU57N  UNKO0.AO4 LEU5S7HN 2972  2.003

2012; Ramirez-Cavazos et al 2014). In the study by More
et al. (2011), the K, and V_,, of laccase from Basidi-
omycetes Pleurotus sp. was 250 (mM) and 0.33 (pmol/
min) using ABTS as the substrate whereas for DMP it was
38.46 (mM) and 20 (pmol/min), respectively. Similarly,
in the other study, the K, of G. lucidum using ABTS was
0.114 mM. Thus, variation exists from strain to strain with
respect to K, and V. values of laccase; however, the

substrate affinity is more against ABTS which has been

jllate ¢llodl ay .
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supported by Palonen et al. (2003), Xiao et al (2003), Tle-
cuitl-Beristain et al. (2008) and Zhao et al (2012). Further,
the enzyme is laccase as the enzyme acts on DMP in the
absence of copper supplementation (Solano et al. 2001).

pH and thermal stability of laccase

The effect of pH on laccase was determined at a pH
(2-11). The enzyme retained more than 70% stability at
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Table 4 The interaction of amino acid residues of laccase with four substrates, i.e. 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)

(ABTS), 2,6-dimethoxyphenol (DMP), guaiacol (GCL), and syringaldazine (SYZ)

Substrate ABTS DMP GCL SYZ
Amino acid Amino acid Amino acid Amino acid
Laccase
Laccase from Stropha- THR38 UNK 0.A ALA 101 UNK 0.A LEU 486 UNK 0.A THR 38 UNK 0.A
ria sp. ITCC-8422 VAL 37 ALA 102 HIS 133 VAL 37
PRO 39 HIS 133 SER 135 PHE 53
PHL 53 LEU 134 LEU 134 VAL 52
PRO 54 SER 135 PHE 477 PRO 54
ASN 194 LEU 486 ALA 102 THR 169
THR 169 GLU 487 PHE 103 PRO 56
LEU 57 PHE 477 PRO 145
ALA 23 LEU 57
ASP 164 LEU 196
LEU 48

Fig.5 The Ramachandran plot
analysis of the modelled protein
showed 465 residues in the
favoured region, 12 residues in
the allowed region and 7 resi-
dues in the outlier region
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Table 5 Purification profile

i Purification steps Enzyme Enzyme activ-  Protein Specific activ-  Purifica-  Yield (%)
of laccase produced from activity (UL) ity (U/mL)  (mg/mL) ity (U/mg)  tion fold
Stropharia sp. ITCC-8422

Crude extract 302.8 0.3 0.8 0.4 1.0 100.0
Ammonium sul- 437.8 0.4 0.7 0.6 1.5 144.6
phate precipita-
tion
DEAE sephadex 89.2 0.09 0.07 1.3 2.1 20.4
100 1.0
60
80 L o8 50
% a
S = T4
T 60 o6 E 2
g B 3
Z = =
3 3 <%
s 40 04 2 E
E E 22
g =
= =
20 [02 10
1 3 5 7 9 11 1315 17 19 21 23 25 27 29 31 14 58 912 1316 1720 21-24 2528 2932
(a) Fraction Number (b) Elution Fraction

Fig. 6 Purification of laccase from Stropharia sp. ITCC-8422 by ion exchange chromatography. a Chromatogram representing laccase activity
and protein concentration and b laccase activity obtained at various fractions after ion exchange chromatography

5-9 and retained 67.8 and 56.8% residual activity at pH
10 and 11 after 48 h of incubation, respectively (Fig. 8a).
Laccase from Stropharia sp. ITCC-8422 unlike others
reported exhibited stability towards a wide range of pH
(5-11). However, at acidic pH of 2, the activity dimin-
ished completely after 12 h of incubation and retained less
than 10% activity at pH 3—4 after 48 h of incubation. The
results are in accordance with Daroch et al (2014) where
yellow laccase from Stropharia aeruginosa was stable at
pH 4-12 (Yellp) and (5-9) Yel3p. Similarly, in the study
by Nakatani et al. (2010), Lac I from Trametes sp. Hal
retained stability at a pH range of 7-10, laccase (Lcc3)
from Cerrena sp. WR1 retained maximum activity at pH
5 whereas the activity decreased at pH 3 and 4 (Chen et al.
2012). Thus, as per the reported literature with respect
to basidiomycetes, laccase stability has been reported at
a wide range of pH. The thermostability of laccase from
Stropharia sp. ITCC-8422 was determined where it exhib-
ited maximum thermostability (80.5%) at 30 ‘C followed
(74.4%) at 40 °C (Fig. 8b). The activity diminished signifi-
cantly at 50 and 60 °C retaining 19.8 and 11.4% residual
activity after 48 h of incubation. In the study by Yuan
et al (2016), laccase Lacl and Lac3 showed stability at
50-60 ‘C whereas Lac2 exhibited stability at 60 ‘C; how-
ever, at comparatively lower temperatures, i.e. 30 'C or
40 °C, Lac1 and Lac3 had more activity compared to Lac2.
As per Nakatani et al. (2010), Lac I from Trametes sp. Hal

Pielase clla)l auan @
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was stable up to 65 C with more than 50% of the initial
activity. As laccases have been reported to be stable at
higher temperatures laccase from Stropharia aeruginosa
exhibited maximum stability at 40 ‘C (Daroch et al. 2014)
which is in accordance with the present study. Thus, as
in the case of pH, the thermal stability also differs from
strain to strain.

Effect of metal ion and inhibitor on laccase

The residual activity of laccase at various concentrations
(1 and 5 mM) of metal ions and inhibitors was deter-
mined. Laccase retained more than 90% residual activity
with Zn**, Ag?*, Ni** and more than 60% with Cu?*,
K*, Mg?* and Fe?* at 1 mM. As the concentration of
metal increased, the activity decreased from 1 to 5 mM
(Table 6) and the residual activity decreased after 12 h of
incubation. In the other study by Lorenzo et al. (2005),
it was observed that laccase from Trametes versicolor
exhibited 40% inhibition with Cu and Cd whereas com-
plete inhibition was observed when the concentration
increased to 80 mM. On the other hand, yellow laccase
from Lentinus squarrosulus MR13 retained more than
95% relative activity with NiSO, and more than 80% with
MgSO, (Mukhopadhyay and Banerjee 2015) which is in
accordance with the present study. Further, the residual
activity of laccase was significantly inhibited by NaN;
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Fig.7 The determination of Michaelis—Menten and Lineweaver—
Burk plot of purified laccase from Stropharia sp. ITCC-8422 using
a 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), b
2,6-dimethoxyphenol (DMP) and ¢ guaiacol (GCL) as the substrates

(2.8%) which suggests the oxidase nature of laccase (Zhao
et al. 2012). The laccase from Trichoderma harzianum
WL1 too was completely inhibited by NaN; (20 uM) and
it was stated that NaN; binds to T2 and T3 Cu sites affect-
ing the electron transfer thereby leading to the inhibition
of laccase activity (Ryan et al. 2003; Sadhasivam et al.
2008). Laccase from Stropharia sp. ITCC-8422 in the
present study and laccase from Trichoderma harzianum

WL1 both were mildly inhibited by EDTA, thereby being
in accordance with the previously reported literature
(Sadhasivam et al. 2008).

Experimental and in silico analyses of dye
decolorization potential of laccase

The strain effectively decolorized alizarin cyanine green and it
was observed that with the increase in incubation, decoloriza-
tion increased from 9.8% (6 h) to 88.5% (18 h) and compete
removal was obtained after 48 h of incubation (Supplementary
Table 1). The removal of alizarin cyanine green by yellow
laccase from Stropharia sp. ITCC-8422 has been previously
reported in our study (Agrawal et al 2019) where more than
90% decolorization was obtained at 600 ppm within 48 h of
incubation. In the study by TiSma et al. (2020), crude and par-
tially purified laccase from Trametes versicolor was used for
dye removal and it was observed that partially purified laccase
had enhanced dye removal potential and stability. However, at
a higher temperature of 55 “C, overall best result was attained
with crude enzyme, though the stability was higher for par-
tially purified laccase that was due to stable pH. Thus, it can
be inferred that though partially purified laccase may have
certain advantages as stated above, crude laccase seems to
have an upper hand as it reduces the capital cost associated
with purification; further, the removal efficiency was also high
(TiSma et al. 2020).The strain Trametes sp. SQO1 effectively
decolorized Congo red, acid red, amido black, orange G, Fast
Blue RR salt and Remazol Brilliant Blue R and triphenyl-
methane dyes. It, however, has to be noted that 97-99% of
azo dyes and RBBR, an anthraquinonic dye, were degraded
in 7 days, whereas only 30-70% triphenylmethane dyes were
removed after 7 days of incubation except for bromphenol blue
(Yang et al. 2009). Similarly, other fungal strains too have been
reported for the decolorization of the dye. Armillaria sp. strain
FO022 has been reported for effective decolourization of vari-
ous synthetic dyes, e.g. azo, triphenylmethane as well as anth-
raquinone dyes (Hadibarata et al. 2012). The docking study
revealed that the binding energy of laccase was — 6.37 with
alizarin cyanine green (Fig. 9). The negative binding energy of
laccase with dyes suggests that the degradation is spontaneous
(Hongyan et al. 2019) and the dye formed H-bonds at resi-
dues ALA23 (Table 7) with laccase. This was also observed
in “homology modeling and its validation using various sub-
strates”. Laccase formed H-bond with two residues, of which
ALA23 is common for both the substrate and alizarin cyanine
green. The in silico analysis is in correlation with our previ-
ously published experimental work where alizarin cyanine
green was effectively decolorized by laccase from Stropharia
sp. ITCC-8422.
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Fig.8 Determination of residual activity of laccase from Stropharia sp. ITCC-8422 at regular intervals for 12 h at various pH and temperature
values. a Effect of pH on laccase in the range of 2—11. b Effect of temperature on laccase in the range of 30-60 ‘C

Table 6 The effect of metal ion

inhibi 0 o Effect of Residual activity

and inhibitor on laccase activity metalion/ (%)

fit 1 anq 5 mM after 12 h of inhibitors

incubation under standard assay 1 mM 5 mM

condition
Metal ion
Control 100 100
Zn’>* 99.6 95.2
Cu?* 69.5 65.4
Ag*t 97.9 67.9
K+ 75.6 71.6
Mg>* 81.2 78.9
NiZ* 93.9 85.3
Ca** 91.1 84.7
Fe+ 72.7 86.5
Inhibitor
SDS 73.7 59.4
Azide 2.7 2.8
EDTA 63.2 74.3

Conclusion

The production of laccase by Stropharia sp. ITCC-8422 was
analysed using ABTS and DMP as the substrate. The maxi-
mum affinity against ABTS and oxidation of DMP in the
absence of copper confirmed the presence of laccase. The
zymography using ABTS also confirmed the presence of lac-
case in the extracellular proteome of Stropharia sp. ITCC-
8422. In addition, the presence of laccase in the extracellular
proteome of Stropharia sp. ITCC-8422 was also confirmed
by QTOF-LCMS analysis. The QTOF-LCMS of the extra-
cellular proteome of Stropharia sp. ITCC-8422 identified 84
different proteins of which laccase exhibited maximum pep-
tide sequence similarity with laccase from Trametes spp. The
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Fig.9 The in silico analysis showing the 3D representation of the
interaction of laccase Stropharia sp. ITCC-8422 with the dye alizarin
cyanine green
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Table 7 The inter- and intra-model H-bonds of laccase with alizarin
cyanine green

Donor Acceptor Hydrogen D..A dist D-H..A dist
ALA 23N UNK 0.A O8 ALA 23 HN3 2.631 1.737
UNKO0.AN1 ASN 1940 UNKO.AH3 3.103 2.521
UNK 0.AN2 UNKO0.AO7 UNKO.AH4 2.503 1.796
UNK 0.A 04 LEUS570 UNK 0.A H22 2.862 2.172

sequence enabled the prediction of the 3D structure and three
domains of laccase were obtained. The experimental data sug-
gested that laccase exhibited maximum affinity against ABTS,
which is in correlation with the docking studies where the
binding energy was lowest with ABTS. Thus, the present study
enabled a better understanding of the mechanism in which lac-
case binds with various substrates thereby explaining its better
affinity against ABTS in comparison to other substrates. Lac-
case finds its application in the removal of various pollutants,
e.g. dyes. The in silico analysis helps to give an insight into the
impact of laccase on various pollutants and the binding energy
via docking will help in establishing whether the system of
ligand and enzyme is effective or not. Thus, in the present
work, in silico analysis confirmed spontaneous removal of
alizarin cyanine green which further helped design the experi-
mental work, and both in silico and experimental work were in
correlation. Thus, the use of a similar concept can open a wide
dimension of possibilities along with easier and faster analysis
of various environmental and biotechnological applications
exhibited by industrially important enzymes.
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