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ABSTRACT

Laccases stand out in the industrial context due to their versatile biotechnological applications.
Although these enzymes are frequently investigated, currently, Pleurotus ostreatus laccase structural
model is unknown. Therefore, this research aims to predict and validate a P. ostreatus laccase theoret-
ical model by means of comparative homology. The laccase target's primary structure (AOM73725.1)
was obtained from the NCBI database, the model was predicted from homologous structures obtained
from the PDB (PDB-ID: 5A7E, 2HRG, 4JHU, 1GYC) using the Swiss-Model and Modeller, and was refined
in GalaxyRefine. The models were validated using PROCHECK, VERIFY 3D, ERRAT, PROVE and QMEAN
Z-score servers. Moreover, molecular docking between the laccase model (Lacc4MN) and ABTS was
performed on AutoDock Vina. The models that were generated by the Modeller showed superior
stereochemical and structural characteristics to those predicted by the Swiss Model. The refinement
made it difficult to stabilize the copper atoms which are typical of laccases. The Lacc4MN model
showed the interactions between the amino acids in the active site of the laccase and the copper
atoms, thereby hinting the stabilization of the metal through electrostatic interactions with histidine
and cysteine. The molecular docking between Lacc4MN and ABTS showed negative free energy and
the formation of two hydrogen bonds involving the amino acids ASP 208 and GLY 268, and a
Pi—sulfur bond between residue HIS 458 and ABTS, which demonstrates the typical catalytic functional-
ity of laccases. Furthermore, the theoretical model Lacc4MN presented stereochemical and structural
characteristics that allow its use in silico tests.
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Introduction potential in the remediation of effluents that are contami-
nated with residues of lignocellulosic, textile, aromatic, phen-
olic and herbicide nature (Kumar & Sharma, 2017; Ballaminut
et al, 2019; Makela et al., 2020; Coelho et al., 2020).

The fungal enzyme appliance for effluent treatment allows
the straightforward removal of recalcitrant chemical com-
pounds by promoting their structural degradation or min-
eralization. Among these fungal enzymes, laccases stand out,

which are unspecific (EC 1.10.3.2, p-diphenol: dioxygen oxi-

Laccases are multicopper oxidases with three to four copper
atoms that are distributed between three bonding sites
(Daronch et al., 2020; Singh & Gupta, 2020). These sites are
divided into Type 1 (Cu T1), Type 2 (Cu T2) and Type 3 (Cu
T3a and Cu T3b). The Cu T1 (blue copper) imparts the typical
blue color to the protein and catalyzes the transfer of elec-
trons from the substrate to the Cu T2 and Cu T3 sites (elec-
tron acceptors), where molecular oxygen is reduced to water

(Leonowicz et al., 2001; Ren & Yuan, 2015).

The investigation of fungal laccases in biotechnological
applications has been crescent over the years, and there is a
rich literature concerning this field of research (Ardila-Leal
et al, 2021; Leynaud Kieffer Curran et al, 2022; Khatami
et al, 2022; Martinkova et al., 2022; Rostami et al., 2022;
Villalba-Rodriguez et al, 2022), from their noteworthy

doreductase) belonging to the multidomain cupredoxin fam-
ily, and they are also synthesized by plants, fungi and
bacteria (Bertrand et al, 2002; Maestre-Reyna et al., 2015;
Arregui et al. 2019). In addition, the application of laccase
covers the production of cellulosic ethanol and the develop-
ment of biosensors, as well as a variety of technologies in
the food and pharmaceutical industry (Bezerra et al., 2015;
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Brugnerotto et al., 2017; Zerva et al, 2019; Masjoudi
et al, 2021).

Despite the biotechnological importance of laccases, and
the well-reported use of Pleurotus ostreatus for several appli-
cations, no three-dimensional model for P. ostreatus laccases
were proposed previously. In this regard, the emerging inter-
est of the biotechnology industry in environmental sustain-
ability strategies development that follows the urgent needs.
In this sense, several authors highlight that in silico predic-
tion approach as a direct screening research could reduce
experimental costs. To all accounts, computational methods
have extensively contributed to the elucidation of the three-
dimensional structures of proteins and bypassed the limita-
tions of experimental methods such as insufficient material
for analysis, inefficiency in crystallization, high cost and oper-
ating time (Chou, 2004; Kaur et al., 2019).

Amongst these techniques, homology modeling stands
out as a valuable approach, which allows the prediction and
understanding of the ultrastructural features of proteins,
while concomitantly providing data for the prediction of
their biochemical characteristics and evolutionary changes
(Koonin & Galperin, 2003; Awasthi et al., 2015). In this type
of modeling, the three-dimensional structure of a given pro-
tein is predicted from the amino acid sequence, based
mainly on its alignment with one or more proteins of known
three-dimensional structure. There are several servers/soft-
ware available for determining protein structures, as
described by Bongirwar and Mokhade (2022). In this
research, we used the Swiss Model server, which was the first
fully automated protein homology modeling server
(Waterhouse et al., 2018), and the MODELLER package, which
also automatically calculates a model containing all non-
hydrogen atoms, satisfying the spatial constraints, but which
requires users to use a programming command (Sali &
Blundell, 1993; Fiser et al., 2000). Furthermore, computational
modeling also allows the proposition of binding mechanisms
to small ligands and the modeled proteins, which has been
extensively proven as a viable alternative to in vivo and
in vitro testing (Thakuria et al., 2015).

Therefore, owing to the relevance of P. ostreatus in bio-
technology, and the lack of models for the ligninolytic
enzyme produced by this fungus; this research aimed to
develop and validate a theoretical model of P. ostreatus lac-
case using the comparative homology approach. In order to
achieve this objective, the Modeller program and the Swiss
model server were evaluated. In addition, the possibility of
metalloprotein refinement was analyzed to improve the
stereochemical characteristics of the model. The model that
showed the best stereochemical characteristics was validated
by several standard methods, including the position of coo-
per atoms.

Methodology
Identification of homologous structures

The primary structure of the Pleurotus ostreatus laccase
(GenBank: AOM73725.1) was obtained from the NCBI
(National Center for Biotechnology Information) database.

The target sequence was aligned in the BLASTp program
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) with the template’s
primary structure from PDB (Protein Data Bank) (Altschul
et al,, 1997). The ten homologous models that presented the
highest Max score in BLASTp were evaluated, and from the
analysis of the Query coverage, e-value, amino acid identity,
resolution of the template protein and the R-factor (R-value
free) the best models were selected to be used as
a template.

Primary structure analysis

The AOM73725.1 primary structure and ten best-retrieved
outputs in the last step had their primary structure analyzed
with multiple alignments. The comparison of conserved
regions between the primary structures was performed using
multiple alignment software Bioedit (v.72) (https://bioedit.
software.informer.com/7.2/) and ClustalW algorithm, the gap
penalty was kept as default parameters (Thompson et al,
1994) was used. The amino acid sequence analysis of P.
ostreatus laccase was performed to identify the presence of
conserved domains and was predicted by InterProScan algo-
rithm (https://www.ebi.ac.uk/interpro/search/sequence/)
(Zdobnov & Apweiler, 2001).

P. ostreatus laccase modelling

The Swiss-model server (https://swissmodel.expasy.org/inter-
active) (Guex & Peitsch, 1997; Bienert et al., 2017;
Waterhouse et al., 2018) and the Modeller package (https://
salilab.org/modeller/download_installation.html) (Sali &
Blundell, 1993) were used to predict the theoretical models
of P. ostreatus laccase using the homology modeling tech-
nique (Marti-Renom et al., 2000; Webb & Sali, 2016). The the-
oretical laccase models were refined by GalaxyRefine server
(Heo et al., 2013).

Theoretical model validation

A multilayer approach was applied in theoretical models for
validation. The first the model's stereochemical analysis was
made by Ramachandran plot on PROCHECK server
(Laskowski et al., 1993).

The second step was based on the compatibility analysis
between the protein’s three-dimensional structure and its
own amino acid sequence in VERIFY 3D, thereby requiring
that at least 80% of the amino acids have a score greater
than or equal to 0.2 in the 3D/1D profile (Bowie et al., 1991).

The third step was based on the analysis of the relative
frequencies of non-covalent interactions between the various
types of atoms in the ERRAT. Therefore, in order to a model
to be considered of high quality, the overall quality factor
values has to be greater than 50 (Colovos & Yeates, 1993;
Messaoudi et al., 2013).

The fourth step was based on the comparison between
atomic volumes and sets of default values, which were pre-
calculated in PROVE with desirable margin on ranges
between 0 and 1%, while the warning margin comprises
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Table 1. Ten sequences that showed the best Max score values with primary
structure AOM73725.1 in the BLASTp program.

Max Identity Res

Microorganism Gl Number  PDB-ID Score (%) A  Rv

Trametes versicolor 23200086 1GYC 636  64.55% 190 0.212
Coriolopsis gallica 350610907 4A2D 623  63.55% 230 0.228
Coriolopsis gallica 385251975 4A2F 623  63.55% 1.90 0.224
Coriolopsis gallica 1032208307  5A7E 623  63.15% 1.50 0.183
Coriolopsis trogii 158428663  2HRG 622  62.95% 1.58 0.192
Aspergillus oryzae 1727108819  6H5Y 619  6295% 230 0.203
Coriolopsis caperata 635576677 4JHU 612  63.07% 1.89 0.210
Trametes coccinea 1276810306  5NQ8 612  63.25% 2.00 0.173
Cerrena sp. 1474892261 521X 610 63.67% 138 0.149
Trametes sanguinea 1276810305  5NQ7 607 62.79% 2.75 0.207

Caption: Gl Number: Geninfo Identifier; PDB-ID: protein identification in the
Protein Data Bank; Max Score: highest alignment score (bit-score) between
the target sequence and the sequences that are present in the PDB; IDENTITY:
percentage of amino acids of the template sequence that are identical to
those of the target sequence; RES: model resolution in angstroms; RV: R-Value
Free (R-factor). Source: Survey data, 2022.

1-5%. The models with a percentage above 5% are consid-
ered inadequate (Pontius et al., 1996). The toolset, including
PROCHECK, VERIFY 3D, ERRAT and PROVE, is available on the
SAVES v6.0 structural analysis and verification server (https://
saves.mbi.ucla.edu/).

The fifth step comprised the analysis of the overall struc-
tural quality of all models. Models were evaluated through
their overall QMEAN score and compared with the experi-
mental structures Z-score (https://swissmodel.expasy.org/
gmean/). In this score, the values around 0.0 indicate that
the structure is "native-like," while scores below —4.0 indicate
that the model is of low quality (Benkert et al., 2009).

Structural analysis of theoretical models

The structural analysis of the models was made in PyMOL,
version 1.2r3pre, Schrodinger, LLC (https://pymol.org/2/).
Through this software, the comparison between the position-
ing of copper atoms and amino acids of the selected refined
and unrefined models was carried out. It is worth noting that
the position of the copper atoms in the Modeller program
was manually adjusted, so that it fits within the allowed dis-
tances. Moreover, the comparison of the aforementioned res-
idues with the homologous model was also conducted. The
extensive evaluation of the interatomic distances that were
observed in the models was computed and their RMSD (Root
Mean Squared Deviation) was determined in PyMOL. This
parameter is descriptive of the similarity between the struc-
tures, being higher values suggestive of higher similarity.
Furthermore, the QMEANDiIsCo (https://swissmodel.expasy.
org/gmean/) was also used. This parameter has a range of 0
to 1, with scores below 0.6 indicating low model quality
(Studer et al,, 2020). On the same hand, the analysis of the
secondary structures was conducted in the PDBsum (http://
www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPa
ge.pl?pdbcode=index.html) (Laskowski et al., 2018), and the
identification of the Cu T1 active site of the laccase structure
was performed on the Ghecom server (https://pdbj.org/ghe-
com/) (Kawabata & Go, 2007), followed by the prediction of
the electrostatic surface of the structure in the APBS-
PDB2PQR  software  (https://server.poissonboltzmann.org/
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pdb2pqr). To this purpose, CHARMM force field (Miyazawa
et al, 2017) was used and pH 8.0 was set, as described for
the protonation of the P. ostreatus laccase model POXA1b
(Giacobelli et al., 2017). PyMOL was used to visualize the
electrostatic surface, and to compare the amino acids that
are part of the active site of the model. The template herein
used was an experimentally obtained structure of Trametes
versicolor laccase (PDB-ID: 1KYA) (Bertrand et al., 2002).

Molecular docking simulation between laccase
and ABTS

The .pdb file of the ABTS molecule (2,2"-azino-bis (3-ethyl-
benzothiazoline-6-sulfonic acid)) was obtained from the
PubChem server (Kim et al., 2021). The preparation of the lig-
and for the molecular docking simulation was performed
using the UCSF Chimera (https://www.cgl.ucsf.edu/chimera/
download.html) (Pettersen et al., 2004), and the addition of
hydrogens was performed using the Dock Prep tool. The vol-
ume of the docking grid was X=14.6736A, Y=256134,
Z=129A, and centered at X=5.04339A, Y = —44.7222A
and Z = —23.1315A. The region for the docking study was
defined according to the size of the pocket near Cu T1 of
the selected model, based on the connection pocket of the
3D structure 1KYA. The number of docking poses that were
calculated was of 10, the search exhaustiveness was set to 8,
and the maximum energy difference (kcal mol™") was set to
3. Molecular docking was performed with the AutoDock Vina
tool (https://vina.scripps.edu/downloads/) (Trott & Olson,
2009), in semi-rigid/semi-flexible mode and the visual ana-
lysis of the poses was carried out in Discovery Studio soft-
ware (https://discover.3ds.com/discovery-studio-visualizer-
download) (BIOVIA, 2022).

Results and discussion
Identification of homologous structures

The BLASTp retrieved output 59 laccase primary structures of
different organisms. Amongst these sequences, the first 10
that presented high Max score values with the target primary
structure AOM73725.1 are represented in Table 1 (Figure S1).
In addition, these 10 sequences showcased an e-value close
to zero and Query coverage (alignment coverage percent-
age) between 94 and 97%.

An accurate model prediction through homology model-
ing approach requires at least 30% identity between query
and template (Chung & Subbiah, 1996; Jang et al, 2020).
Otherwise, when the identity is greater than 50%, there is a
drastic reduction in the divergence of functional regions
(Fiser, 2017). In this sense, all the structures presented (Table
1) were considered for the prediction of the theoretical
model of P. ostreatus laccase by the comparative homology
method, as they presented highest observed identity, from
62.95 to 64.55% (PDB-ID: 1GYC, 5Z1X, 4A2D and 4A2F).

Additionally, AOM73725.1 has a monomeric structure with
4 copper atoms, including T2 Cu (Palmieri et al., 1997; Hublik
& Schinner, 2000; Mansur et al., 2003). In this sense, excelling
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Figure 1. Multiple alignments of primary structure AOM73725.1 with structures 1GYC, 5A7E, 2HRG and 4JHU. The regions underlined and colored in yellow, blue,
orange and purple correspond to the conserved regions of the laccases, respectively, L1, L2, L3 and L4. Source: Survey data, 2022.

a high compatible template for the predictable model, the
laccase templates like homodimeric structure (PDB-ID: 5Z1X)
(Wu et al., 2018) and the absence of Cu T2 (PDB-ID: 4A2D
and 4A2F) (De la Mora et al., 2012) were discarded from the
modeling approaches.

Furthermore, the allowed identity margin is a considerable
choosing criterion for a well-chosen template; this parameter
does not consider structural differences (Alvarez-
Machancoses et al., 2020). Additionally, other factors, such as
structural composition (monomers/dimers) and copper sites,
max score, resolution and R-value were considered to choose
the possible templates (Ohlendorf, 1994; Sali et al., 1995). In
this sense, the R-value free values of templates that were
between 0.149 and 0.292 were considerable for a better suit-
able template to the phylum Basidiomycota, except
Aspergillus oryzae laccase (PDB-ID: 6H5Y) (de Salas et al.,
2016) craving for a reliable theoretical model.

Finally, the structures 5A7E, 2HRG, 4JHU and 1GYC pre-
sented low R-values (0.183, 0.192, 0.210 and 0.212), respect-
ively, and showcased resolution values lower than 2 A (1.50,
1.58, 1.89 and 1.90A), respectively. These features denote a
good quality of the models (Maia et al, 2021), and for this
reason, they were selected as possible templates for the pre-
diction of the theoretical model of P. ostreatus laccase.

Multiple alignment

The multiple alignment between the target primary structure
AOM73725.1 and the structures 1GYC, 5A7E, 2HRG and 4JHU
(Figure 1) showed conserved regions in all evaluated struc-
tures that make up the three characteristic domains of the

cupredoxin superfamily (CDD-ID: CL19115) (Piontek et al.,
2002; Matera et al., 2008; De la Mora et al., 2012; Glazunova
et al,, 2015). In addition, four conserved regions were identi-
fied, designated as the L1, L2, L3 and L4 regions, within
these regions are a total of 10 histidines and 1 cysteine that
interact with binding site coppers. These regions are con-
served in all multicopper oxidases, and in laccases, these
regions are composed of the following amino acids: L1 (H-W-
H-G-X9-D-G-X5-QCPI), L2 (G-T-X-W-Y-H-S-H-X3-Q-Y-C-X-D-G-L-
X-G-X-(FLIM)), L3 (H-P-X-H-L-H-G-H) and L4 (G-(PA)-W-X-(LFV)-
HCHI-DAE-X-H-X3-G-(LMF)-X3-(LFM)), residue X represents an
undefined residue, while residues between parentheses rep-
resent a partially conserved residue (Kumar et al., 2003).

In the multiple alignment, it is also possible to identify
five cysteine residues conserved at positions 111, 143, 231,
481 and 516. In addition, the primary structure AOM73725.1
presented a leftover cysteine (position 10) outside of the
conserved domain. Generally, cysteines are conserved among
related proteins, and the cysteine connectivity pattern may
indicate that the proteins have a similar three-dimensional
structure (Thangudu et al., 2008). In this sense, four of these
cysteines are protagonists of two structurally conserved
disulfide bonds (111-516; 143-231) (Lyashenko, Zhukhlistova,
et al. 2006; Lyashenko et al., 2006), except for 5A7E, which
showcased only one (143-231). Additionally, according to Fu
et al. (2020), in Amylostereum areolatum laccases, almost all
analyzed sequences contained five cysteine residues and at
least one disulfide bridge.

Furthermore, the cupredoxin superfamily fold usually con-
sists of a beta-sandwich with 7 strands in 2 beta-sheets,
which is arranged in a Greek-key beta-barrel. The protein



Table 2. Validation of laccase theoretical models predicted by the Swiss-
Model server and in the Modeller program, unrefined and refined in

GalaxyRefine, through the Ramachandran, 3D VERIFY, ERRAT and
PROVE graph.
3D
RMF RAP RGP RNP  VERIFY PROVE

MODEL (%) (%) (%) (%) (%) ERRAT (%)
Lacc1SN 87.0 1.8 0.7 0.5 97.80 87.5519 3.6
Lacc2SN 88.5 10.6 0.7 0.2 98.00 90.0204 47
Lacc3SN 89.4 9.9 0.0 0.7 99.60 87.7339 3.7
Lacc4SN 88.4 10.6 0.2 0.7 98.39 90.2692 33
LaccTMN 91.0 8.0 0.7 0.2 97.58 741273 49
Lacc2MN 91.1 8.2 0.5 0.2 94.77 72.1881 3.7
Lacc3MN 89.9 9.2 0.7 0.2 97.18 61.8852 5.8%
Lacc4AMN 90.1 9.2 0.7 0.0 98.39 66.3265 37
Lacc1SR 89.4 9.4 0.2 1.0 99.20 88.6598 49
Lacc2SR 90.4 89 0.2 0.5 99.20 88.3673 5.3*
Lacc3SR 90.8 8.0 0.5 0.7 98.99 92.3395 4.6
Lacc4SR 90.3 8.5 0.7 0.5 96.57 91.3043 4.1
LaccTMR 92.0 7.3 0.5 0.2 94.34 81.9127 5.2%
Lacc2MR 923 7.0 0.2 0.5 96.98 84.5361 5.2%
Lacc3MR 91.3 7.7 0.7 0.2 99.19 84.1237 49
Lacc4MR 91.1 8.0 0.5 0.5 99.80 84.8980 5.1%

Legend: Each model was identified by an alphanumeric set, Lacc represents
laccase, the fourth character represents the template structure (1 - 1GYC; 2 -
5A7E; 3 - 2HRG; 4 - 4JHU), fifth character represents the method by which the
model was predicted (S - Swiss-Model; M - Modeller), the sixth character indi-
cates whether the structure has been refined (R) or not (N). RMF: percentage
of loss in the most favorable regions [A, B, L]; RAP: percentage of residues in
additional allowed regions [a, b, I, p]; RGP: percentage of residues in gener-
ously allowed regions [~a, ~b, ~I,~p]; RNP: percentage of loss in non-per-
mitted regions.

*Models that were considered inadequate.

Source: Survey data, 2022.

domains are characterized by regions | (57-154), Il (169-309)
and Il (372-494) signatures (Lyashenko et al., 2006) is pre-
dicted (Zdobnov & Apweiler, 2001) in lacasse sequence of P.
ostreatus, with 97, 140 and 122 lengths, respectively.

Preparation and prediction of theoretical models of
P. ostreatus laccase

In the P. ostreatus laccase primary structure, a 21aa length in
C-terminal was identified out of the main domain. Only con-
served domains were considered for molecular modeling. In
this sense, the delivered prediction from constraints of spa-
tial restraints (Modeller) approach successively solves the
entire target sequence limited by an essentially >30% iden-
tity template and >25% R-factor (Ohlendorf, 1994; Sali et al.,
1995), while the automated prediction approach (Swiss
Model) removed 27 residues length from target sequence in
C-terminal region by similarity criteria (Reddy et al., 2015). To
all accounts, Wallner and Elofsson (2005) identified a loss of
model coordinates in the N-terminal and C-terminal regions
in the Swiss-Model, 3D-JIGSAW and Builder programs due to
the occurrence of gaps in these regions.

Comparison of refined and unrefined P. ostreatus
laccase theoretical models

The global quality and stereochemical evaluation of the pre-
dicted models, before and after the refinement, are pre-
sented in Table 2. Models predicted with the Swiss model
approach showed less than 90% of residues in the most
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favorable regions, and the proportion of amino acids in these
regions increased after refinement but remained below the
models predicted by Modeller. In addition, all models pre-
dicted in the Swiss model displayed residue in the disal-
lowed regions (RNP), even after refinement. On the other
hand, models with favorable stereochemistry were predicted
by Modeller with more than 90% of amino acids arranged in
the RMF (most favorable region) (Figure S1) only the
LaccTMN, LaccBMN and Lacc4dMN models. After refinement,
all models, except for Lacc1SR, showed more than 90% of
the amino acids in the RMF (Sarkar et al., 2020; Mehra
et al,, 2018).

All models showed high similarity between the 3D struc-
ture and the amino acid sequence (2D structure), obtaining
values greater than 94.3% in verify 3D (Figure S3). The rela-
tive frequency of non-covalent interactions between the vari-
ous types of atoms showed values higher than 81.91 in
ERRAT (Figure S4). The comparison between the atomic vol-
umes and the sets of default values pre-calculated in PROVE
showed that of the 10 refined models, 4 presented values
greater than 5%, which can be considered inadequate (Table
2) (Bowie et al, 1991; Colovos & Yeates, 1993; Laskowski
et al,, 1993; Pontius et al., 1996; Messaoudi et al., 2013).

Among the unrefined theoretical models, the Lacc4MN
stood out, hence it showcased more than 90% of the amino
acids in the RMF, as well as 0% of the amino acids in the
RNP. These values were associated with high scores in Verify
3D and PROVE, with 98.39 and 3.7%, respectively (Table 2).
Among the refined models, Lacc3MR had the highest num-
ber of amino acids in the RMF, associated with the lowest
number of residues (0.2%) in the RNP and the best scores in
Verify 3D and Prove (Table 2).

The models predicted by Modeller showed better struc-
tural and stereochemical quality. Thus, the Lacc4MN and
Lacc3MR models were selected, and their structure was eval-
uated. Meshram et al. (2010) predicted a theoretical model
of Pycnoporus cinnabarinus laccase using the homology mod-
eling technique and compared the same tools that were
herein used (i.e., Modeller and Swiss-Model). Their results
showed that the models predicted by Modeller are better in
terms of performance, geometric and stereochemical proper-
ties, thus corroborating to the data obtained in our research.

Structural analysis of Lac4MN and Lac3MR models

The Lacc4AMN and Lacc3MR models presented QMEAN Z-
scores of —0.98 and 0.17, respectively, hence indicating that
they are similar to the structures that were used as template,
as well as of adequate structural quality (Benkert
et al., 2009).

Visual analysis of the Lacc4MN model (Figure 2) evidenced
the interactions between the laccase active site amino acids
and copper atoms. According to Zheng et al. (2008), the
average distance between the copper ion Cu®" and the
nitrogen in the protein models with high resolution present
in the PDB is 2.04 A. The interaction between copper atoms
and protein residues occurs through the imidazole moiety of
the histidine residue, which yields an adequate environment
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Figure 2. Interactions between amino acids and copper ions from the Lacc4MN model. (A) Cu T1; (B) Cu T2; (C) Cu T3a; (D) Cu T3b. Light blue spheres: copper
atoms; In yellow: distances between copper atoms and amino acids. In amino acids—In blue: nitrogen; In green: carbon; In red: oxygen; In yellow: sulfide. Source:

Survey data, 2022.

for the establishment of a coordination complex between
the nitrogen atoms and the copper. The optimal distance
between the nitrogen and copper in these structures accord-
ing to the Cambridge Structural Database (CSD) ranges from
1.90 to 2.28 A (Harding, 1999). The distance between Cu T1
and the sulfur present in cysteine is 2.11 A. After reduction,
the Cu-S distance increases to 2.21 A (Lontie, 1984). In the
Lacc4MN model all distances are within the allowed range,
showing that all four copper atoms are properly stabilized
through interaction with histidine and cysteine. On the other
hand, in the Lacc3MR model, the atoms of Cu T1, Cu T2 and
Cu T3b were at distances greater than 2.28A (Figure 3A, B,
and D), and only the interactions of Cu T3a were within this
predicted range (Figure 3C).

Upon refinement, it could be seen changes in the distan-
ces between copper atoms and amino acids, and the interac-
tions between the copper atoms and the active site amino
acids were lost. This is likely because GalaxyRefine server
rebuilds and repacks the overall side chains, starting from
the center of the protein, and extends to the surface, layer
by layer. This causes changes in amino acid positions, even
active site amino acids, as described by Heo et al. (2013). In
fact, Adiyaman and McGuffin (2019) reported that the refine-
ment can lead to a reduction in the quality of models, and it
is necessary to analyze whether the model has been qualita-
tively improved. Faced with the difficulty of stabilizing the
copper atoms in the Lacc3MR model, the other tests were
performed with the Lacc4MN model.

The overlap of the Lacc4MN model and the 4JHU struc-
ture confirms the similarity between them (Figure 4A) with
RMSD of 0.102 and QMEANDisCo of 0.81 (Studer et al., 2020).

Furthermore, both 3D structures showed similarities in the
coordinates of the copper atoms, and in the distance
between the nitrogen of the amino acid residue and the
copper (Figure 4B, C), with the Cu T1 located close to the
surface of the protein.

The three-dimensional structure of P. ostreatus Lacc4MN
laccase model has 7 B sheets, 8 B staples, 8 B protrusions, 31
B strands, 12 helices, 3 helix-helix interactions, 66  loops, 7
v loops, 2 disulfide bridges, in addition to the 4 copper
atoms. The high number of B strands causes the formation
of Greek key motifs in each of the domains of the Lacc4MN
model, which are stabilized by hydrogen bonds between the
B sheets. Furthermore, one of the two disulfide bonds pre-
sent in the Lacc4MN model is located between domains 1
and 3, while the second is between domains 1 and 2
(Figure 5A).

Figure 5B, C show the interactions between the residues
of each of the four conserved regions among all the models
studied here, according to the multiple alignments (Figure 1)
and the copper atoms. The amino acids in the L1 and L2
region interact with the T3 Cu atoms (T3a and T3b), while
the L3 and L4 amino acids interact with the T1 and T2 cop-
per atoms, and the T1, T3a and T3b copper atoms, respect-
ively, suggesting the evolutionary importance of these four
conserved regions since they directly influence the stabiliza-
tion of metals in laccase.

The characteristic domains of laccase present an architec-
ture like a Greek key motif (B-barrel) with two B-sheets. Each
of these domains is composed of four strands, which likely
renders their structure stable. In laccases, the structure is sta-
bilized through the formation of disulfide bridges between
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Figure 3. Interactions between amino acids and copper ions from the Lacc3MR model. (A) Cu T1; (B) Cu T2; (C) Cu T3a; (D) Cu T3b. Light blue spheres: copper
atoms; In yellow: distances between copper atoms and amino acids. In amino acids—In blue: nitrogen; In green: carbon; In red: oxygen; In yellow: sulfide. Source:

Survey data, 2022.

Figure 4. Comparison between the model Lacc4MN and the experimentally defined 4JHU framework. (A) Overlay of the Lacc4MN model and the 4JHU structure.
In green: model Lacc4MN; In yellow: 4JHU structure; Light blue spheres: copper atoms. (B) Lacc4MN model active site. (C) Active site of the structure 4JHU In blue:
copper atoms, with distances to amino acids. In amino acids—In blue: nitrogen; In green: carbon; In red: oxygen; In yellow: sulfide; In light blue: His-Cys-His

sequence. Source: Survey data, 2022.

the domains (Mot & Silaghi-Dumitrescu, 2012). In Figure 6,
sites 3 and 5 are the closest to Cu T1 and therefore are the
most likely active sites of the protein. The amino acids that
make up sites 3 and 5 are listed in Table 3. The possible
binding sites of the theoretical model of P. ostreatus
Lacc4MN laccase were identified (Figure S5).

Table 3 shows that site 5 is composed of 41 residues, 18
of which are nonpolar, in addition to not containing any of
the amino acids that interact with copper atoms. On the
other hand, several amino acids, which are characteristically
known to interact with copper atoms at the catalytic site of
laccases, are found at site 3, with amino acids HIS 397, CYS
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Figure 5. Domains and disulfide bridges of the three-dimensional model of P. ostreatus Lacc4MN laccase. A: In yellow: Domain 1; In green: Domain 2; In purple:
Domain 3; Cyan spheres: copper atoms; In red: cysteine residues that form the two disulfide bonds. B: Zoom in on the copper atoms region showing the interaction
with the residues of the conserved regions of the laccase. In blue: copper atoms; In yellow: L1 region; In cyan: L2 region; In orange: L3 region; In purple: L4 region.
C: View from another angle of copper atoms. Source: Survey data, 2022.

Source: Survey data, 2022.

Figure 6. Possible binding sites according to Ghecom, which were calculated within a 4 A radius of the Lacc4MN model. In red: site
1; In blue: site 2; In green: site 3; In yellow: site 4; In cyan: site 5. Source: Survey data, 2022.

Table 3. Amino acids that make up the catalytic sites 3 and 5 of the Lacc4MN model were obtained through Ghecom.

Site 3 Site 5

NPV 165; PRO 166; CYS 207; ASP 208; PRO 209; ASN 210; TYR 211; THR 212; NPV 225; NPV 235; ASP 236; SER 237; ILE 238; GLN 239; ILE 240; PHE 241;
GLN 239; PHE 241; ALA 242; GLY 243; ASN 264; PRO 265; ASN 266; LEU ALA 242; GLY 243; GLN 244; ARG 245; TYR 246; SER 247; ASN 300; PRO
267; GLY 268; VAL 393; GLY 394; GLY 395; PRO 396; HIS 397; PRO 398; ILE 301; LEU 302; ILE 303; GLU 304; THR 305; ASN 306; LEU 307; NPV 308;
399; NPV 428; SER 429; THR 430; HIS 452; CYS 453; HIS 454; ILE 455; ASP ARG 410; SER 411; ALA 412; GLY 413; SER 414; SER 415; ARG 424; ARG
456; TRP 457; HIS 458; LEU 459. 425; ASP 426; NPV 427; NPV 428; SER 429; TYR 430; GLY 431; TYR 432;

ASN 436; NPV 437; THR 438.

Source: Survey data, 2022.
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Figure 7. Electrostatic characterization of the Lacc4MN model, visualized in the PyMOL software. (A) residues that make up sites 3 and 5. (B) Electrostatic surface
of the Lacc4MN model. (C) Superposition of the electrostatic surface on sites 3 and 5. In green: secondary structures; In yellow: site 3; In cyan: site 5; Electrostatic
surface varies between positive charges (blue), neutral charges (white) and negative charges (red). Source: Survey data, 2022.
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Figure 8. Comparison between the Lacc4MN model and the 1KYA structure, visualized in the PyMOL software. (A) Superposition of the 1KYA crystallographic struc-
tures (dark gray) and the theoretical model Lacc4MN (green). Blue spheres: copper atoms; In the pink: 2,5-xylidine. (B) Zoom in on the active site region with the
overlap of the residues of the two structures next to 2,5-xylidine. In cyan, the amino acids of the 1KYA structure are represented, and in yellow the amino acids of
the Lacc4MN model. (C) Amino acids of the 1KYA structure close to 2,5-xylidine. (D) Amino acids of the Lacc4MN structure close to 2,5-xylidine. Source: Survey

data, 2022.

453 and HIS 458 interacting with Cu T1, while HIS 452 and
HIS 454 interacting with the T3a and T3b coppers, respect-
ively (Figure 8).

Site 3 is composed of 35 amino acid residues, of which 21
are nonpolar and play an important role in the catalytic site
of laccases, hence when a hydrophobic region is close to the
copper ion, it causes a relative destabilization of the oxidized
copper Cu*" over the reduced copper Cu'", what results in
higher redox potential of the corresponding copper (Gunne

et al,, 2014). This demonstrates that the hydrophobic amino
acids that are present at the binding site may also be related
to the stabilization of the ligand, the protein and the inter-
action with the anchor residues. However, hydrophilic resi-
dues such as aspartic acid and glutamic acid are also
important for the catalytic functionality of the active site, as
they are generally present in the pocket and act as a proton
acceptor during ligand oxidation. The substrate probably
loses its proton, and then the electron is captured by the Cu
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Figure 9. Interactions between the Lacc4MN model and ABTS. (A) Two-dimensional diagram of interactions between the Lacc4AMN model and ABTS. (B)
Interactions between the Lacc4MN model and ABTS. (C) Bond pocket charges (blue represents positive charge and red represents negative charge). (D) Donors and
acceptors of the hydrogen bonds around the bond pocket (green represents the acceptor and purple represents the donor). Source: Survey data, 2022.

T1 via a histidine exposed to the laccase surface (Kallio et al.,
2009; Kolyadenko et al., 2021).

A remarkable finding that corroborates the adequacy of
the model herein developed is that the active sites are
located in electronegative regions (Figure 7). In a study per-
formed with Trametes versicolor laccase, it was noted that in
a laccase-substrate complex, the substrate binds to a small
negatively charged pocket close to Cu T1. The negative
charges at this site may have functional significance, as they
can stabilize the cationic radical products that are formed
during the catalytic cycle (Piontek et al., 2002).

According to Sitarz et al. (2016), the CU T1 site is located
in a pocket on the surface of the enzyme, at the interface of
domain 3, while the trinuclear copper sites (T2/T3) are posi-
tioned between the domains 1 and 3, which provide the lig-
and residues for the coordination of copper atoms. In fact,
the very same observation could be seen in our model
(Figure 5A).

The characteristics of site 3 demonstrate that this is prob-
ably the catalytic site of the LaccAMN model. The structure
of Trametes versicolor laccase 1KYA, which was determined
by the X-ray diffraction method under a resolution of 2.40 A
and carried out with a crystallized enzyme linked to 2,5-xyli-
dine, was used to confirm the amino acids that make up the
active site of the Lacc4MN model (Figure 8). In this regard,
the pocket surrounding the 2,5-xylidine is quite wide, allow-
ing the accommodation of substrates of various sizes.
Several amino acid residues make hydrophobic interactions
with the aromatic ring of the ligand. Moreover, two polar
residues interact with the amino group, the first is a histidine
that also coordinates copper (i.e., primary electron acceptor),
and the second is an aspartate that is conserved among fun-
gal laccases (Bertrand et al., 2002).

The superposition of the structures showed that both
have great structural similarity, with several highly conserved
regions (Figure 8A), including in the active site region, since
the amino acids close to 2,5-xylidine in the 1KYA model are
similar to the amino acids of the site 3 (Figure 8).

Comparing the structure of the laccase obtained experi-
mentally with the theoretical model Lacc4MN, it is possible
to suggest that site 3 is possibly the active site of the
Lacc4MN model. Among the residues of the TKYA structure
that interact with 2,5-xylidine are HIS 458 and ASP 206,
which are involved in electron and proton transfer.
Furthermore, xylidine also interacts with the residues: PHE
162, LEU 164, PHE 265, PHE 332, PHE 337, PRO 391 and ILE
455 (Bertrand et al., 2002).

The residues HIS 458 and ASP 208 that make up the
active site of the Lacc4MN model are conserved amino acids
in all laccases, as seen in the multiple alignment (Figure 1),
and the amino acids next to them also show similarity in all
sequences, thereby hinting that the structure of the active
site is also conserved. The other active site amino acids
undergo some mutations, and amino acids PHE 162, LEU
164, PHE 265 and PRO 391 of the 1KYA structure were
replaced by VAL 165, PRO 166, LEU 267 and GLY 394 in the
Lacc4MN model (Figure 8C, D).

Mohamad et al. (2008) analyzed the active site residues of
the 1KYA structure and realized that some residues that are
present in the binding site are nonpolar amino acids, such as
amino acids PHE 162, LEU 164, PHE 265, PHE 332, PHE 337
and PRO 391. In most cases, these amino acids are replaced
by other nonpolar amino acids, as was also identified in this
research, being VAL, LEU and GLY, all nonpolar. It is noted
that the substitution of amino acids increased the distance



between the residues and the ligand, especially the change
of residue PRO 391 for GLY 394, and consequently, there is
an increase in the size of the ligation pocket, thereby allow-
ing ligands of higher molecular weight to easily dock at the
site region and interact with amino acids. The Lacc4MN
model .pdb file can be found in S2.

Molecular docking simulation between laccase
and ABTS

The molecular docking simulation between the Lacc4MN
model and the ABTS molecule showed binding free energy
in the range —4.7 to —3.9kcal mol™’, as well as the forma-
tion of two hydrogen bonds involving the amino acids ASP
208 and GLY 268 (Figure 9), thereby indicating the thermo-
dynamic feasibility of the reaction (Hsu et al., 2012; Sridhar
et al, 2013; Ballaminut et al., 2019; Srinivasan et al., 2019). It
was observed the formation of five Van der Waals interac-
tions (VAL 165, VAL 167, THR 269, GLY 395 and ILE 455), one
carbon-hydrogen bond (GLY 395), two Pi-alkyl interactions
(LEU 267), and one Pi-cation interaction (ARG 270) (Figure
9A, B). In the interactions involving ASP 208 and HIS 458 and
ABTS, it was noted that these two amino acids act as proton
and electron acceptors, respectively (Figure 9C, D).

Between residue HIS 458 and ABTS, a Pi-sulfur bond was
established. The Pi-sulfur interaction was tested in biological
systems elsewhere and is estimated to contribute with
0.5-2kcal mol™" to the binding/stability of the enzyme-sub-
strate complex. Studies involving hydrogen bonds also indi-
cate a contribution between 0.5 and 2kcal mol™' for the
stability of the interaction (Daeffler et al., 2012), which shows
that the Pi-sulfur interaction could be of great importance
for the stability of the enzyme-substrate complex. The
Lacc4MN model .pdb file can be found in S3.

The docking results mainly demonstrate that the protein
predicted model herein maintains the structure and, at a the-
oretic level, the catalytic functionality that is typical of lac-
cases. Considering that ABTS is one of the main substrates for
determining the activity of this enzyme, the docking results
offer further data to corroborate with the validation of the
model (Christensen & Kepp, 2014; Herrera-Zuniga et al., 2020).

Conclusion

Modeling a metalloprotein, such as laccase, is a challenging
process. The use of different ways to predict the 3D structure
of the case of P. ostreatus showed that the fully automatic ser-
ver of the Swiss Model is very attractive for modeling by hom-
ology but generates models with low stereochemical quality
that require refinement. Concurrently, the refinement of the
theoretical 3D models of laccase caused the destabilization of
copper atoms. The Modeller program, in turn, required pro-
gramming knowledge, as well as removing the signal peptide
manually and manual adjustments to correct the position of
copper atoms. The Modeller program promoted the prediction
of theoretical 3D laccase models with better stereochemical
characteristics compared to the Swiss Model server without
needing refinement. The theoretical 3D model of P. ostreatus
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laccase (Lacc4MN) presented stereochemical and structural
characteristics that allow its use in silico tests.

Computational methods make it possible to deepen
knowledge about the catalytic mechanisms of enzymes, as in
the case of laccase, allowing, through in silico studies, the
creation of new technologies and value-added products
in vitro and/or in vivo with applications in several areas of
industrial interest.
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