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a  b  s  t  r  a  c  t

Extrinsic  catalytic  properties  of  laccase  enable  it to  oxidize  a  wide  range  of aromatic  (phenolic  and
non-phenolic)  compounds  which  makes  it commercially  an  important  enzyme.  In  this  study,  we  have
extensively  compared  and  analyzed  the  physico-chemical,  structural  and  functional  properties  of  white,
brown and  soft rot  fungal  laccases  using  standard  protein  analysis  software.  We  have  computationally
predicted  the  three-dimensional  comparative  models  of  these  laccases  and  later  performed  the  molecular
docking  studies  using  the  lignin  model  compounds.  We  also report  a  customizable  rapid  and  reliable  pro-
tein modelling  and  docking  pipeline  for developing  structurally  and  functionally  stable  protein  structures.
We  have  observed  that soft  rot  fungal  laccases  exhibited  comparatively  higher  structural  variation  (higher
random  coil)  when  compared  to brown  and  white  rot  fungal  laccases.  White  and  brown  rot  fungal  laccase
sequences  exhibited  higher  similarity  for  conserved  domains  of  Trametes  versicolor  laccase,  whereas  soft
rot  fungal  laccases  shared  higher  similarity  towards  conserved  domains  of  Melanocarpus  albomyces  lac-
case.  Results  obtained  from  molecular  docking  studies  showed  that  aminoacids  PRO,  PHE, LEU,  LYS  and
GLN were  commonly  found  to  interact  with  the  ligands.  We  have  also  observed  that  white  and  brown

rot  fungal  laccases  showed  similar  docking  patterns  (topologically  monomer,  dimer  and  trimer  bind  at
same pocket  location  and  tetramer  binds  at another  pocket  location)  when  compared  to soft  rot  fungal
laccases.  Finally,  the binding  efficiencies  of  white  and  brown  rot  fungal  laccases  with  lignin model  com-
pounds  were  higher  compared  to  the  soft  rot fungi.  These  findings  can  be further  applied  in  developing
genetically  efficient  laccases  which  can be  applied  in  growing  biofuel  and  bioremediation  industries.

© 2017 Elsevier  Inc.  All  rights  reserved.
. Introduction

Laccase (EC 1.10.3.2) is highly studied commercially important
nzyme representing the major subgroup of multicopper oxidase
MCO) family, widely distributed among bacteria (prokaryotes),
ungi and plants (eukaryotes) [1]. The function of laccases varies

idely based on their host organisms, in plants it is involved in
ignin biosynthesis, where as in fungi and bacteria it is involved in
ignin degradation [1,2]. It was first discovered in the sap of plants
Rhus vernicifera)  [3] and later it was demonstrated in fungi [4].
ther enzymes belonging to multicopper oxidases (copper con-
aining enzymes) family are ferroxidase (EC 1.16.3.1), ascorbate
xidase (EC 1.10.3.3), ceruloplasmin monoxygenases, dioxygenases
nd various manganese oxidases [5]. Multicopper oxidase family

∗ Corresponding author.
E-mail address: wqin@lakeheadu.ca (W.  Qin).

ttps://doi.org/10.1016/j.jmgm.2017.10.019
093-3263/© 2017 Elsevier Inc. All rights reserved.
enzymes usually found to contain one to six copper atoms per
molecule, with the aminoacids ranging between 100–1000 per a
single peptide chain [5,6]. Laccases are characterized by the pres-
ence of four catalytic copper atoms: the T1 copper site and the T2/T3
trinuclear copper cluster [7]. Substrate oxidation occurs at the T1
copper due to its high redox potential (up to +800 mV). The one
electron substrate oxidation is coordinated with the four electron
reduction of molecular oxygen at the T2/T3 cluster; oxidation of
four substrates is necessary for complete reduction of molecular
oxygen to water [7].

Laccases extensively uses the redox ability of copper ions for
oxidation of various aromatic substrates concomitantly reducing
the molecular oxygen to water [2,8]. Laccases directly oxidize
ortho, para-diphenols, aminophenols, polyphenols, polyamines,
aryl diamines and also some inorganic ions [2]. The use of the

laccase mediator system allows for oxidation of non-phenolic com-
pounds and substrates too large to bind to the active site [9–12].
A mediator is a low molecular weight compound (acting as elec-

https://doi.org/10.1016/j.jmgm.2017.10.019
http://www.sciencedirect.com/science/journal/10933263
http://www.elsevier.com/locate/JMGM
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmgm.2017.10.019&domain=pdf
mailto:wqin@lakeheadu.ca
https://doi.org/10.1016/j.jmgm.2017.10.019
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ron shuttle) with higher redox potential than the T1 copper
>900 mV)  [13]. The most common laccase mediators used are 2,2′-
zino-bis (3-ethybenzthizoline-6-sulfonic acid) (ABTS) and triazole
-hydroxybenzotriazole (HBT). The mediator is initially oxidized at
he T1 site, generating a strong oxidizing intermediate, which then
iffuses out of the active site and oxidizes the substrate [13]. In
his way, the laccase mediator acts as an electron transport shut-
le. Laccases typically show low substrate-specificity, and the range
f substrates oxidized can vary between laccases. Oxidizing ability
f laccases also depends on the nature of substrate whether it is
onomeric, dimeric, or tetrameric [13]. Possible substrates of lac-

ases include polyphenols, methoxy-substituted phenols, aromatic
mines, and ascorbate [14].

The comparative modeling of fungal and bacterial laccases was
eported in the past, however studies on fungal laccases typically
ocused on white rot basidiomycetes due to the extrinsic lignolytic
bilities. Rivera-Hoyos et al., reported the three dimensional (3D)
omology models of white rot fungal (Ganoderma lucidum and
leurotus ostreatus) laccase proteins, which revealed the laccase
nteractions with ABTS [15]. The 3D homology models of white
ot fungi Pycnoporus cinnabarinus [16], Lentinula edodes [17], were
eported earlier. Tamboli et al. has compared physio-chemical
roperties of bacterial and fungal (Cryphonectria parasitica, Gan-
derma lucidum, Phomopsis liquidambaris, Pycnoporus coccineus and
rametes sanguine) laccases and generated the 3D comparative
odels of bacterial and fungal laccase proteins which can be

sed for molecular docking studies [18]. Molecular docking studies
ith fungal laccases were performed using various chemical sub-

trates such as ABTS [15] and also with lignin model compounds
uch as sinapyl alcohol, dimer, trimer and tetramer [19] were
eported earlier. However, studies comparing the structural and
unctional properties of white, brown and soft-rot fungal laccases

ere not been reported till today. As these fungi exhibit differen-
ial wood decaying properties white rot (can efficiently degrade
ignin, cellulose and hemicellulose), brown rot fungi (efficient cel-
ulose, hemicellulose degrading with lignin modifying) and soft rot
ungi (exhibits partial decaying abilities). It would be interesting
o understand the structural and functional differences among the
accases of these fungi.

In our present study, we have reported the three-dimensional
omology models of the selected white, brown and soft fungal

accase protein sequences retrieved from public repositories and
xtensively discussed about their structural and functional prop-
rties using standard tools. Using a set of lignin model compounds
monomers, dimer, trimer and tetramer) we have performed the

olecular docking experiments. Results obtained in our study
emarcates the structural and functional properties of white,
rown and soft rot fungi and highlights the significant aminoacids
hich are involved in its catalysis. These results can be fur-

her applied for designing and developing recombinantly efficient
accases having wide range applications in clinical, chemical, envi-
onmental and industrial sectors.

. Materials and methods

.1. Selection and retrieval of laccase protein sequences

Laccase protein sequences of six different fungi viz., Phlebia bre-
ispora HHB-7030 SS6 v1.0 [20], Dichomitus squalens CBS463.89
White rot), Fomitopsis pinicola FP-58527 SS1 [21], Wolfiporia cocos

D-104 SS10 [21] (Brown rot) and Chaetomium globosum v1.0

22], Cadophora sp. DSE1049 (Soft rot), were retrieved from JGI
Joint Genome Institute) MycoCosm database. The D. squalens
BS463.89 and Cadophora sp. DSE1049 laccase protein sequences
Dsqual 59186 and Cadophora 560981) were produced by the “US
raphics and Modelling 79 (2018) 15–26

Department of Energy Joint Genome Institute http://www.jgi.doe.
gov/in collaboration with the user community”. We  have used
CAZy (Carbohydrate active enzymes), KOG (Eukaryotic orthologous
groups) and GO (Gene Ontology) tools of JGI MycoCosm database
during the retrieval of laccase protein sequences. Initially, we  have
retrieved a total of 56 laccase protein sequences (P. brevispora (5),
D. squalens (12), F. pinicola (6), W.  cocos (4), C. globosum (6) and
Cadophora sp. (22)) respectively, from JGI MycoCosm database. All
the retrieved laccase protein sequences from each organism was
queried through BLAST against protein data bank (PDB) database
using PSI-BLAST algorithm a variation of BLAST (sensitive to low-
similarity, provides biologically relevant sequences and three times
faster than regular BLAST) [23]. Laccase protein sequences showing
highest sequence similarity and query coverage was designated as
the template for the comparative modeling studies.

2.2. Phylogenetic analysis

All the retrieved laccase protein sequences of each organism
were aligned using ClustalW algorithm (fast, accurate, and robust
method, which uses a residue comparison matrix and position spe-
cific gap penalties to align sequences) of MEGA v7 software [24].
The ClustalW aligned sequences were considered for the construc-
tion of phylogenetic trees using Neighbour Joining method and
Bootstrap resampling of 1000 replicates parameters were used for
the estimation of phylogenetic tree topologies [25]. The phyloge-
netic trees were constructed for both intra and inter organism level
to determine the laccase target sequences which are closely related
to the template during the evolution.

2.3. Physico-chemical properties of selected laccases

Physico-chemical properties of above selected laccase protein
sequences were determined using the ExPASy ProtParam tool [26].
Our analysis included the parameters such as aminoacid com-
position, number of positively (+R) and negatively (-R) charged
aminoacid residues, predicted molecular weight, theoretical iso-
electric point (pI), extinction coefficient (EC) [27], instability index
(Ii) [28], aliphatic index (Ai) [29] and GRAVY (grand average hydro-
pathicity) [30].

2.4. Structural and functional properties of laccases

The above selected laccase protein sequences were studied for
their structural and functional properties for which we have used
SOPMA (Self-optimized prediction method with alignment) tool
for determining secondary structure elements [31]. We  have used
Motif Scan web server to identify the well-known motif sequences
using the motif sources such as PeroxiBase, HAMAP, PROSITE pat-
terns and profiles, More profiles, Pfam HMM  (both local and global)
profiles [32]. To understand the cellular localization of selected lac-
cases, the protein sequences were subjected CELLO v2.5 web server
[33]. We  have used EDBCP (Ensemble-based Disulfide Bonding
Connectivity Pattern) for understanding the presence of cysteine
residues and to predict the most possible disulfide (S S) bonds
[34]. To predict the location and presence of signal peptide cleavage
sites the protein sequences of laccases were analyzed using SignalP
v4.1 web  server [35]. And to predict the presence of transmem-

brane helices we have analyzed the selected protein sequences
using TMHMM  v2.0 web server (http://www.cbs.dtu.dk/services/
TMHMM/). Acetylation of the selected fungal laccase proteins are
assessed using the NetAcet v1.0 web  server [36].

http://www.jgi.doe.gov/in
http://www.jgi.doe.gov/in
http://www.jgi.doe.gov/in
http://www.jgi.doe.gov/in
http://www.jgi.doe.gov/in
http://www.jgi.doe.gov/in
http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TMHMM/
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Fig. 1. Shows the analysis of fungal laccase protein sequences A) phylogenetic analysis of laccase protein sequence (P. brevispora, D. squalens, F. pinicola, W.  cocos, C. globosum)
and  experimentally determined laccases T. versicolor (1GYC) and M.  albomyces (1GW0), B) sequence logos of MCO  signature 1 (PS00079) and 2 (PS00080) patterns.

Table 1
Lists the physico-chemical properties of laccase protein sequences calculated from ExPASy ProtParam and EDBCP tools:.

Organism (protein-ID) Length M.W*  pI* EC -R +R Ii Ai GRAVy #. of Cys Predicted S S bonds

Phlebia brevispora (25201) 520 55977.21 5.20 69705 45 23 31.55 90.04 0.082 7 106–509, 138–227
Dichomitus squalens (59186) 520 56477.01 4.63 71195 48 22 28.04 84.79 −0.044 6 106–509, 138–226
Fomitopsis pinicola (45001) 539 58990.52 4.75 67185 55 26 34.35 88.85 −0.055 7 109–513, 141–228, 349–352
Wolfiporia cocos (139080) 479 52277.43 4.46 68550 54 18 40.44 83.47 −0.135 5 64–468, 96−183
Chaetomium globosum (12114) 619 68515.16 6.11 120820 55 45 35.90 74.44 −0.295 8 51–344, 112–378, 161–586
Cadophora sp. DSE1049 (560981) 582 63262.99 6.88 127810 34 33 38.02 75.74 −0.231 8 26–34, 135–563, 327–361
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ote: M.W*  = Molecular weight in Daltons, pI* = Theoretical pI values, EC = Extinctio
ositively charged amino acids, Ii = Instability index, Ai = Aliphatic index, GRAVy = g

.5. Initial protein model generation and refinement

Laccase protein sequences exhibiting highest sequence similar-
ty and highest query coverage (obtained from the BLAST analysis),

ere further considered as input to SWISS-MODEL protein predic-
ion web server (generates tertiary protein structure from a queried
rotein sequence based on the SWISS-MODEL template library),

or the generation of initial unrefined 3D modelled structure of
he target protein [37]. The 3D structures of modelled laccase pro-
eins were further refined using GalaxyRefine (method improves
oth local and global qualities of template-based predicted pro-
ein structures) [38] and KoBaMIN (knowledge based minimization

ethod, which minimizes the potential of mean force derived from
he experimental structures of PDB) [39] web servers. GalaxyRe-
ne server optimizes the side chain conformations and performs

he energy minimization on each conformation and subsequently
elaxes the overall protein structure through molecular dynamic
imulation methods. Whereas KoBaMIN refined structures are
tereochemically optimized with MESHI software, KoBaMIN energy
unction indirectly includes the effects of both solvent interactions
nd the crystal environments. The refined laccase protein struc-
ures were validated to assess the stereochemical quality, using a
et of software such as PROCHECK [40], RAMPAGE [41], ERRAT [42]
nd PROQ [43].

.6. Preparation of ligands (Lignin model compounds)
The NMR  based structural studies of lignin and plant cell
all compounds explained by Ralph et al., were derived for the

resent study [44]. The lignin model compounds considered for the
resent study were monomers (sinapyl alcohol, coniferyl alcohol
ficient (M−1 cm−1), −R = number of negatively charged amino acids, +R = number of
verage of hydropathy, #. Of Cys = Number of cysteine residues.

and p-coumaryl alcohol), dimer (guaiacyl 4-O-5 guaiacyl), trimer
(syringyl �-O-4 syringyl �-O-4 sinapyl alcohol) and tetramer (gua-
iacyl �-O-4 syringyl �-� syringyl �-O-4 guaiacyl) were sketched
using ChemDraw Ultra v7.0. and later internally transferred to
Chem3D Pro v7.0 software and further saved the structure in
protein data bank format. The ligands were subjected for energy
minimization before using it for the protein docking simulation
experiments using AutoDock software [45].

2.7. Protein docking of refined models

The refined and validated 3D modelled laccase proteins were
used for further protein docking studies. We  have used AutoDock
Tools v1.5.6 and AutoDock Vina v1.1.2 [46] for the simulated pro-
tein docking experiments. The refined protein model in PDB file
format were initially opened in AutoDock Tools and following func-
tions were performed a) add all hydrogens b) merge non-polar
hydrogens c) compute Gasteiger charges d) finally, save the pro-
tein model in PDBQT format. The ligand (lignin model compounds)
are loaded into AutoDock Tools and following functions were per-
formed a) detect root using the option torsion tree b) the number
of torsions were set to maximum c) then finally save the ligand in
PDBQT format. Later we have prepared the AutoDock Vina config-
uration files for all the laccase modelled structures and ligands, the
above prepared files were used for performing the protein dock-
ing analysis. Ligand docking was  performed using AutoDock Vina
which is installed on an instance of the Galaxy platform based

on In-house High-Performance Computing Cluster (LUHPCC). We
have performed blind docking with all the lignin ligand models
with the exhaustiveness set to 32. The best-fit ligand conforma-
tions were selected based on their minimum binding energies.
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Table 2
Computationally predicted motifs in P. brevispora, D. squalens, F. pinicola, W.  cocos, C.
globosum and Cadophora laccase protein sequences obtained from the MOTIF SCAN
server:.

Organism, Protein-ID Motif Description/Aminoacid residues (# of sites)

P. brevispora (25201) Multi copper oxidase 1: 125–145 (1)
Multi copper oxidase (Cu oxidase): 163–307 (1)
Multi copper oxidase (Cu oxidase 2): 369–494 (1)
Multi copper oxidase (Cu oxidase 3): 30–152 (1)

D.  squalens (59186) Multi copper oxidase 1: 125–145 (1)
Multi copper oxidase (Cu oxidase): 163–305 (1)
Multi copper oxidase (Cu oxidase 2): 365–494 (1)
Multi copper oxidase (Cu oxidase 3): 30–152 (1)

F.  pinicola (45001) Multi copper oxidase 1: 128–148 (1)
Multi copper oxidase (Cu oxidase): 166–310 (1)
Multi copper oxidase (Cu oxidase 2): 372–497 (1)
Multi copper oxidase (Cu oxidase 3): 33–155 (1)

W.  cocos (139080) Multi copper oxidase 1: 83–103 (1)
Multi copper oxidase (Cu oxidase): 121–267 (1)
Multi copper oxidase (Cu oxidase 2): 327–453 (1)
Multi copper oxidase (Cu oxidase 3):1–110,
10–110 (1)

C.  globosum (12114) Multi copper oxidase 1, 2: 543–563, 548–559
Multi copper oxidase (Cu oxidase): 212–361 (1)
Multi copper oxidase (Cu oxidase 2): 427–569 (1)
Multi copper oxidase (Cu oxidase 3): 87–206 (1)

Cadophora sp. (560981) Multi copper oxidase 1, 2: 523–543, 528–539 (2)
Multi copper oxidase (Cu oxidase): 186–344 (1)
8 A.K.S. Kameshwar et al. / Journal of Mole

minoacid residues which established a contact with ligand and
he residues which are involved in hydrogen bonding with ligands
ere recorded using AutoDock Tools using the results obtained

rom AutoDock Vina. The validated 3D laccase modelled struc-
ures were compared using the root mean square deviation (RMSD)
sing SWISS-PDB viewer v4.1 [47]. We  have used Edu PyMOL v1.7.4
https://pymol.org/educational) for visualizing the interactions of
he ligand and modelled protein structure and for developing the
espective docked images.

. Results

.1. Sequence retrieval, analysis and physicochemical properties

We  have retrieved genome wide laccase encoding protein
equences from P. brevispora and D. squalens (white rot fungi),
. pinicola and W.  cocos (brown rot fungi), and C. globosum and
adophora sp. (soft rot fungi). Total of 56 laccase protein sequences
rom P. brevispora (5), D. squalens (12), F. pinicola (6), W.  cocos
4), C. globosum (6) and Cadophora sp. (22), were retrieved from
GI MycoCosm database. The laccase protein sequences exhibiting
ighest sequence similarities with the known laccase structures

rom PDB database upon BLASTP search, were considered for the
resent study. The following protein sequences of fungi exhibiting
igher sequence identities were used for the modeling stud-

es: Phlbr1-25201, Dsqual-59186, Fompi3-45001, Wcocos-139080,
hagl1-12114 and Cadophora-560981 Table-S2).

The selected laccase protein sequences were found to contain
bout 520–619 aminoacid residues with an exception of 479 (W.
ocos), with a theoretical molecular weight and pI ranging between
2277.43–68515.16 Da and 4.46–6.88 respectively (Table 1) (Fig.
1). All the above fungal laccase protein sequences were found to be
table with an instability index value ranging between 28.04–38.02,
ith an exception of W.  cocos laccase protein instability index of

40.44) (Table 1). Aliphatic index values of the laccase proteins were
nder the range of 74.44–90.4. The grand average of hydropathicity
GRAVY) index values of the laccase proteins were mostly negative
ndicating the hydrophilic nature of these proteins, with an excep-
ion of P. brevispora laccase protein which gave a positive value
ndicating its hydrophobic nature and the hydropathicity plots gen-
rated using DiscoveryStudio 2016 Client

®
were also found to be

n accordance with the GRAVY results, these plots were listed in
Fig. S4) supplementary information S1 (Table 1). The selected lac-
ase protein sequences exhibited higher evolutionary similarities
ith the template protein sequences (Fig. S2). All the above consid-

red laccase protein sequences were found to contain sequences
oding for cupredoxin superfamily conserved domains specifi-
ally trinuclear Cu binding site (CuRO 1 Tv-LCC like), domain 3
nterface (CuRO 2 Tv-LCC like) and type-1 copper binding site
CuRO 3 Tv-LCC like) with an exception of W.  cocos laccase only
uRO 3 Tv-LCC like domain sequences (Fig. S3). Laccase protein
equences of soft rot fungi contain cupredoxin superfamily con-
erved domains matching to Melanocarpus albomyces,  whereas
hite and brown rot fungi possessed cupredoxin superfamily con-

erved domains matching to Trametes versicolor (Fig. 1) (Fig. S3).
The selected laccase protein sequences were also subjected to

eries of analysis using SignalP (for the detection of signal peptides
leavage sites), TMHMM  (for detecting transmembrane helices in
roteins) and NetAcet (for predicting N-acetyltransferase A sub-
trates) webservers. According to Nakai, the signal peptide ranges
etween the 15–40 aminoacid residues, required for the protein

ecretion and eventually these sites are cleaved from the mature
rotein [48]. We  have observed that all the laccases except W.
ocos (13980) possessed a signal peptide, which supports that these
accases are secretory proteins (Fig. S6). The amino acid sequence
Multi copper oxidase (Cu oxidase 2): 410–549 (1)
Multi copper oxidase (Cu oxidase 3): 61–180 (1)

involved in formation of transmembrane helices were only found
to be present in D. squalens and these results explains that major-
ity of aminoacid residues occur in the outside region (Fig. S7, Table
S3). Results obtained from CELLO v2.5 subcellular location predic-
tor showed that the laccase proteins of P. brevispora (3.981), D.
squalens (4.644), F. pinicola (3.688), W.  cocos (3.871), C. globosum
(3.995) and Cadophora (3.782) where located in the extracellular
regions of fungi. All the selected laccase protein sequences showed
N-Myristoylation, N-glycosylation, Amidation (except Cadophora
sp.), Casein kinase-II phosphorylation site, protein kinase c phos-
phorylation site and multi copper oxidase type-1&2 (Cu oxidase 1,
2 and 3) motif sites (Table 2) (Table S1). Analysis from NetAcet
v1.0 server has showed that laccase proteins of P. brevispora and
Cadophora sp. possess the substrates for N-acetyltransferases with
values of 0.511 and 0.522 respectively. Whereas laccase protein
sequences of D. squalens (0.491), F. pinicola (0.478),  W.  cocos (0.483)
and C. globosum (no Ala, Gly, Ser or Thr at positions 1–3) do not show
any possible substrates for N-acetyltransferases. We  have also ana-
lyzed the number of cysteine residues present and reported the
number of predicted disulfide bridges in the selected laccase pro-
tein sequences using EDBCP web server. We  have observed that
laccase protein sequences of P. brevispora, D. squalens and W. cocos
contain two disulfide bridges, laccase protein sequences of F. pini-
cola, C. globosum and Cadophora sp. contain three disulfide bridges.
The secondary structure elements of the selected laccase proteins
were calculated using the SOPMA web  server. These results show
that higher percentage of aminoacids were found to be involved in
formation of random coils, the alpha helical content of soft rot fungi
is less when compared to brown and white rot fungi (Table 3).

3.2. Homology modeling and model validation

The selected laccase protein sequences were used to develop the
corresponding 3D protein structures using SWISS-MODEL server.

In SWISS-MODEL server the best suitable template protein struc-
tures for the target protein sequence were identified using BLAST
and HHblits. The server will also evaluate the global and local qual-
ities of the modelled protein structure using QMEAN (a complex

https://pymol.org/educational
https://pymol.org/educational
https://pymol.org/educational
https://pymol.org/educational
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Table  3
Computationally predicted secondary structure elements of laccase protein sequences calculated using SOPMA web server.

Protein-ID Alpha helix (%) Extended Strand (%) Beta turn (%) Random coil (%)

Phlbr1 25201 15.96 (83) 30.77 (160) 10.96 (57) 42.31 (220)
Dsqual1 59186 15.38 (80) 31.92 (166) 11.73 (61) 40.96 (213)
Fompi3 45001 16.70 (90) 29.31 (158) 9.09 (49) 44.09 (242)
Wcocos 139080 10.23 (49) 31.94 (153) 10.65 (51) 47.18 (226)
Chagl1  12114 12.12 (75) 33.12 (205) 10.82 (67) 43.94 (272)
Cadoph 560981 9.79 (57) 28.01 (163) 9.28 (54) 52.92 (308)

Fig. 2. QMEAN scores for the 3D modelled laccase structures obtained from SWISS-MODEL server for fungal protein sequences P. brevispora, D. squalens, F. pinicola, W.  cocos,
C.  globosum and Cadophora sp.

Table 4
Comparison of results obtained from the Swiss model server (BLAST and HHblits) and BLASTP (NCBI PSI-BLAST against PDB server).

Organism, Protein-ID Template Swiss PDB-server Sequence Identity GQME QMEAN Template BLASTP Sequence Identity

Phlbr1 (25201) 5a7e.1A 70.24 0.86 1.08 3KW7 71
Dsqual1 (59186) 1kya.1A 80.92% 0.97 0.55 2QT6 82
Fompi3  (45001) 5ehf.1A 60.57 0.78 −1.6 3KW7 63
Wcocos  (139080) 5anh.1A 63.83% 0.84 −0.19 3KW7 66
Chagl1  (12114) 1gw0.1A 80.29 0.84 0.41 1GW0 80
Cadophora (560981) 3pps.1A 61.75% 0.79 −1.66 3PPS 59

Table 5
Ramachandran plot scores of laccase modelled protein structures obtained after customized refining pipeline using different model refining softwares and results from
RAMPAGE, PROQ, ERRAT and RMSD (initial and final protein structures) webservers.

N xy Refi
r e high
m

f
c
a
r
s
w
o

ote: The pipeline used for refining the protein models was SWISS model → Gala
egions, RAR = residues in allowed regions and ROR = residues in outlier regions; Th

olecular docking analysis and their respective Ramachandran plot scores.

unction used for the estimation of both local and global qualities
alculation which includes four parameters all atom, C�, solvation
nd torsion) and GMQE (global model quality estimation, which

etrieves information from template and target alignment). All the
elected laccase protein sequences were found by BLAST search
ith >60% of sequence identity. The 3D modelled protein structures

f fungal laccase proteins were found to be statistically accept-
ne → KoBaMIN; only KoBaMIN, RAMPAGE results were RFR = residues in favored
lighted regions represent the final refined laccase modelled structures used for the

able with higher QMEAN and GMQE scores, P. brevispora (1.08),
D. squalens (0.55) and C. globosum (0.41), F. pinicola (−1.6), W.  cocos
(−0.19) and Cadophora sp. (−1.66). Both the QMEAN and GMQE

scores were expressed as a number in a range between 0–1, where
the higher number represents higher quality (Fig. 2) (Table 4).
These initial protein models were refined using GalaxyRefine and
KoBaMIN web  servers which performs the side chain refinement,
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ig. 3. Homology models of laccase protein sequences A) Phlebia brevispora B) Fo
adophora DSE1049 v1.0.

nergy minimization and relaxes the overall modelled structure.
he above obtained refined laccase protein structures were vali-
ated using PROCHECK software and Ramachandran plots (Fig. S5).
he results obtained from Ramachandran plots were found to be
tatistically acceptable, all the laccase refined models attained >90%
esidues in most favored regions (except for F. pinicola-89.3% and
adophora sp. 89.4%) (Table 4). The refined protein structures were
lso validated using PROQ, ERRAT and RAMPAGE. PROQ web tool
rovides mainly LG (a −log P-value, models are good if the score

s >3 and very good if the score is >5) and Max  sub scores (ranges
etween 0–1, 1 being highly reliable and 0 is insignificant). All the
efined laccase structures achieved significant scores with an LG
core of >4 and Max  sub score of > 0.3 (except W.  cocos). Similarly,
verall quality factor values obtained from ERRAT server for the
efined structures were >84 (except F. pinicola). Generally, the pre-
icted protein models attaining overall quality factor >50% infers
hat the homology models were stable and reliable (Fig. S8). Results
rom RAMPAGE server showed that all the refined laccase struc-
ures exhibited >93% of residues in most favored regions. Results
btained from QMEAN4, Ramachandran plots, PROQ, ERRAT and
AMPAGE web servers convey that predicted fungal laccases were
f good quality (Table 5) (Figs. 2 & 3). The structural variation
bserved in the Ramachandran plots generated from PROCHECK
nd RAMPAGE web servers can be explained by the advanced
efined and more reliable protein structure validation methods
mplemented by the RAMPAGE web server [41].

.3. Molecular docking of modelled laccases with lignin model
ompounds

Molecular docking experiments of 3D modelled fungal laccases

white rot, brown rot and soft rot) with lignin model compounds
hat is monomers (sinapyl, coniferyl and p-coumaryl alcohol),
imer (guaiacyl 4-O-5 guaiacyl), trimer (syringyl �-O-4 syringyl
-O-4 sinapyl alcohol) and tetramer (guaiacyl �-O-4 syringyl �-
sis pinicola C) Dichomitus squalens D) Wolfiporia cocos E) Chaetomium globosum F)

� syringyl �-O-4 guaiacyl) was  performed using AutoDock Tools
and Vina software. Results obtained from this study were reported
in Tables 6–8. Based on the results obtained we have observed a
sharp increase in binding efficiencies from monomers to tetramers
with increase in size of the ligand with all the fungal (white, brown
and soft rot) laccases (Table 6). The binding efficiencies of white rot
fungal laccases (P. brevispora and D. squalens) has exhibited a clear
ascending order of minimum binding efficiencies from monomers
to tetramers (−6.0 to −8.2). Brown rot fungal laccases (F. pinicola
and W.  cocos) has also shown a clear increase in minimum binding
efficiencies from monomers to tetramers however, unlike white rot
laccases brown rot laccases exhibited selective specificity among
the ligands. When compared to white rot and brown rot fungal
laccases, soft rot fungal laccases (C. globosum and Cadophora sp.)
exhibited lesser minimum binding efficiencies and were variably
specific among the ligands. Based on these results we can conclude
that fungal laccases exhibit higher minimum binding efficiencies
for lignin model compounds and out of which trimers and tetramers
bind more efficiently to the fungal laccases. The higher binding
efficiencies exhibited by white rot fungal laccases towards lignin
model compounds are evident to their extrinsic lignin degrading
abilities.

The lignin model compounds sinapyl (SA), coniferyl (CA), p-
coumaryl alcohol (CoA), dimer, trimer and tetramer were found
to interact with a total of 7, 7, 3, 6, 10,13 aminoacid residues
of P. brevispora respectively. Out of which following aminoacid
ligand interactions were found to be common among SER134,
GLU481, PHE471, PHE369 (SA: CA), PRO371, HIS132 (SA: CA:
CoA), ALA101 (SA: CoA) and PRO371, PHE102 (dimer and trimer).
We have observed that hydrogen bond formations were between
SA-ALA101, CA-HIS132 and GLU481, CoA-HIS132 and tetramer

GLU325 residues of P. brevispora laccase (Fig. S9). Similarly, lignin
model compounds were found to interact with 4, 6, 7, 6, 10
and 11 aminoacid residues of D. squalens laccase protein. Fol-
lowing aminoacid ligand interactions were observed in common
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Table  6
Lists the final predicted minimum binding energy scores (kcal/mol) of predicted laccase models with lignin model compounds obtained from AutoDock Vina software.

Ligand (Modelled Protein-ID) Phlbr1 (25201) Dsqualm (59186) Fompi3 (45001) Wcocos (139080) Chagl1 (12114) Cadophora (560981)

Sinapyl alcohol −6.0 −5.4 −5.7 −5.8 −6.0 −5.6
Coniferyl alcohol −6.0 −6.2 −7.0 −6.0 −5.6 −5.8
p-coumaryl alcohol −6.1 −6.3 −6.7 −5.8 −5.5 −6.8
Guaiacyl 4-O-5 guaiacyl −6.9 −6.7 −6.2 −7.1 −6.5 −6.8
Syringyl �-O-4 syringyl �-O-4
sinapyl alcohol

−7.8 −7.1 −7.0 −8.2 −6.8 −6.9

Guaiacyl �-O-4 syringyl �-�
syringyl �-O-4 guaiacyl

−7.7 −7.4 −7.2 −7.0 −7.2 −6.1

Table 7
Lists the aminoacid residues of modelled fungal laccases in contact with the lignin based model compounds Monomers (Sinapyl alcohol, Coniferyl alcohol and p-coumaryl
alcohol), Dimer, Trimer and Tetramer.

Ligand Phlbr1 (25201) Dsqual (59186) Fompi3 (45001) Wcocos (139080) Chagl1 (12114) Cadophora (560981)

Sinapyl alcohol PRO371 PHE102 ARG95 GLN81 GLY192 ASP579
HIS132 LEU133 PRO124 PHE85 TYR222 ALA397
SER134 TYR512 ASN125 SER384 ASP220 SER536
GLU481 LEU480 GLN94 GLY203 VAL196 VAL400
PHE471 ALA82 MET219 GLN537
GLY483 TYR221
PHE369 THR278

Coniferyl alcohol SER134 SER134 PHE481, ILE183 ALA82 PHE598 LYS401
HIS132 LEU133 ASP229, ALA187 GLN81 VAL601 VAL400
PRO371 PRO367 TYR176, ARG46 PHE48 THR134 ARG410
GLU481 ASP481 CYS141 GLY203 ASN135 GLN537
ALA101 HIS132 SER384 TRP430 SER536
PHE369 PHE365 PHE85 ASN596
PHE471 ASP227

p-Coumaryl alcohol HIS132 PRO367 ASP229 ASP202 TYR221 VAL264
PRO371 GLY483 TRP175 ALA82 LYS101 LEU582
ALA101 PHE365 CYS141 GLY203 TRP553 TRP156

ALA101 CYS228 GLU204 TYR222 TYR165
ALA482 ASP174 GLN81 ASP220 VAL535
ASP481 TYR176 ASP405 LEU229 ALA532
HIS132 SER384 GLY192 SER170

THR280 PRO262
Guaiacyl 4-O-5

guaiacyl

PRO371 LEU133 LEU59 SER384, LYS19 GLY490 TYR244
TYR512 PHE365 GLU166 ALA82, PHE85 VAL520 PRO237
LEU133 PHE102 ILE211 ASN205, GLY203 ARG513 ASN332
SER134 PRO367 VAL169 PHE48, GLN81 ARG491 TRP317
PHE102 SER134 ASN195 PRO519 ASN348
PHE369 TYR512 PRO382 ALA336

VAL488 VAL235
Syringyl �-O-4 syringyl
�-O-4 sinapyl alcohol

GLU481, PRO371 LYS92 ASP82, GLU523 PHE48, ASN424 ARG400 THR150
PHE102, LEU480 TRP96 LEU483, SER181 GLU204, ASN205 ASN403 THR144
LYS178, ALA101 ARG64 LEU138, PRO110 ALA82, HIS383 GLY402 ARG148
PHE471, PRO182 PRO502 SER374, ALA484 LEU291, ARG403 ILE451 LEU121
VAL370, LYS361 ALA504 ILE183, ALA104 ASP422, PHE85 SER384, GLU292 PHE397 LYS143

GLN119 PHE105, GLY137 PRO111, SER386 VAL452 ASN123
ASP117 PRO297, GLN81 GLN453 SER146
THR94 TYR462 ASN126
LEU115 VAL398 ILE125
TRP505

Guaiacyl �-O-4
syringyl �-� syringyl
�-O-4 guaiacyl

ASN284, ASN324 THR369 PRO367 THR340, PRO343 PRO282, GLN216 VAL452 ASN562
TYR261, GLN264 ALA101 ASP481 ASP152, GLY338 LEU283, LEU284 GLN459 THR144
LEU316, THR259 SER134 LEU133 THR466, GLY341 GLU285, SER408 ASP455 ARG148
TYR266, THR232 TYR512 ALA517 ARG448, PHE465 PHE218, SER279 GLY402 LYS143
GLU325,  SER433 LEU480 HIS132 PHE430, LYS64 GLN214, ALA391 TYR462 PHE147
PHE293, SER234 PHE102 ASN250, SER431 GLY392 THR447 ASN123
LEU323 THR461 THR560

ASN422 SER146
ARG400 ASN126
ILE451 ILE125
GLN453

N rotein

L
(
(
C

ote: aminoacids represented in bold are involved in hydrogen bonding between p

EU480 (SA-Tetramer), ALA101 (CoA-Tetramer), PHE102, TYR512

SA-Dimer-Tetramer), PHE365 (CA-CoA-Dimer), ASP481, HIS132
CA-CoA-Tetramer), SER134 (CA-Dimer-Tetramer), LEU133 (SA-
A-Dimer-Tetramer) and PRO367 (CA-CoA-Dimer-Tetramer). And
TRP463

 and ligand.

hydrogen bond formations were observed between SA-LEU480, CA-

SER134 and PHE365, CoA- HIS132 and ASP481, Trimer- LEU115 and
Tetramer-ASP481 (Fig. S10).
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Table  8
Lists the root mean square deviation (RMSD Å) values obtained from the comparison studies of white, brown and soft rot fungal laccases.

Organism P. brevispora D. squalens F. pinicola W.  cocos C. globosum Cadophora sp.

P. brevispora n/a 0.62 0.83 0.46 1.11 1.06
D.  squalens 0.62 n/a 0.84 0.68 1.13 1.08
F.  pinicola 0.83 0.84 n/a 0.80 1.23 1.17
W.  cocos 0.46 0.68 0.80 n/a 1.07 1.12
C.  globosum 1.11 1.13 1.23 1.07 n/a 0.68
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Cadophora sp. 1.06 1.08 1

Brown rot fungal laccases considered for this study F. pinicola
nd W.  cocos were found to interact with lignin model compounds
SA, CA, CoA, dimer, trimer and tetramer) through 4, 7, 6, 5, 12,
2 and 5, 6, 7, 8, 16, 11 aminoacids residues respectively. F. pini-
ola laccase protein and ligands were involved in hydrogen bond
ormations between SA-ARG95, CA-ALA187, CoA-ASP229, dimer-
AL169, trimer-SER374 and tetramer-ASP152, with commonly

nteracting residues ASP229, TYR176 and CYS141 between CA and
oA, ILE183 between CA-tetramer respectively (Fig. S11). In W.
ocos laccase protein following aminoacids were found in common
LU204 (CoA-trimer), ASN205(dimer-trimer), GLY203 (SA, CA, CoA,
imer), PHE85 (SA, CA, dimer, trimer) and GLN81, SER384, ALA82
SA, CA, CoA, dimer and tetramer) with formation of hydrogen
onds between SA-SER384, CA-ALA82, CoA-ALA82, dimer-GLN81,
rimer-ALA82, ASN424 and tetramer-GLN214 respectively (Fig.
12) (Table 7).

Soft rot fungal laccases considered for this study C. globo-
um and Cadophora sp. were found to interact with lignin ligand

odel compounds SA, CA, CoA, dimer, trimer and tetramer by 7,
, 8, 7, 9, 12 and 5,5,8,7,9, 10 aminoacid residues respectively.

n C. globosum laccase following aminoacid residues were found
o interact commonly GLY192, TYR222, ASP220, TYR221 with SA
nd CoA, ARG400, GLY402, ILE451, VAL452, GLN453, TYR462 with
rimer and tetramer respectively. We  have observed hydrogen
ond formation between SA-TYR222, CoA-THR280, dimer-ARG513,
rimer-ARG400, ILE451, GLN453 and tetramer-THRE447, ILE451,
LN459, TYR462 residues respectively (Fig. S13). In Cadophora sp.

accase protein following residues SER536, VAL400 and GLN537
ound to be interact commonly with SA and CA, whereas THR144,
RG148, LYS143, ASN123, SER146, ASN126, ILE125 with trimer and

etramer respectively. And hydrogen bond formation was  observed
etween CoA- ALA532, dimer-ALA336, trimer-THR144, ARG148
nd tetramer-ASN562 residues (Table 7) (Fig. S14).

. Discussion

In our present study, we have performed a comparative mod-
ling and molecular docking study of fungal laccase protein
equences, to understand and reveal the lignin degrading abil-
ties exhibited by white rot, brown rot and soft rot fungi. We
ave retrieved all the laccase protein sequences (genome wide)
f the selected fungi however, based on the sequence similarity
gainst experimentally validated protein structures (PDB) we  have
onsidered Phlbr1-25201, Dsqual-59186, Fompi3-45001, Wcocos-
39080, Chagl1-12114 Cadophora-560981. The above considered

accases possess the essential domains belonging to cupredoxin
uperfamily and specifically contains Cu oxidase type 1, 2 and 3 of
ulticopper oxidase domains. We  have observed that P. brevispora,
. squalens (white rot) laccase sequences were closely related to the
xperimentally determined laccase of Trametes versicolor (1GYC)

nd laccase sequences of F. pinicola and W.  cocos fall under the same
ranch and share good similarity with T. versicolor (1GYC) and white
ot fungal laccases. Whereas soft rot fungal laccases C. globosum
nd Cadophora sp. were found to be closely related to the exper-
1.12 0.68 n/a

imentally determined laccase of Melanocarpus albomyces (1GW0)
(Fig. 1A). Multicopper oxidases (MCO) are group of enzymes per-
forming single electron oxidation of various substrate with an
associated four electron reduction of molecular oxygen to water
molecule [49]. The enzymes belonging to MCO  class were further
classified into laccase, ferroxidase, ascorbate oxidase and cerulo-
plasmin. Previous studies have revealed that MCOs consists of two
active sites a) substrate oxidizing site (blue type-1 (T1) copper
site) and b) oxygen binding site (tri nuclear copper site contain-
ing three type-2 (T2) or type-3 (T3) coppers) [49]. The electrons
are transferred from T1 copper site to T2/T3 copper site through
a set of highly conserved amino acid residues (MCO-specific pat-
terns) [6,50,51] (Fig. 1B). Except ceruloplasmin (six domains) and
bacterial laccases (two domains), most of the MCOs  contain three
cupredoxin domains, based on the presence of these domains the
length of MCOs ranges between 300–1000 residues and can contain
up to six copper ions [6,49].

All the fungal laccase protein sequences selected for the present
study ranges between 479–619 (Table 1) containing four cop-
per ions mostly in contact with histidine residues (Table S1). The
aminoacid composition of the selected laccases show the higher
content of negatively charged amino acids (aspartic and glutamic
acids) can explain about the acidic nature (theoretical pI values
obtained) of the laccases. The concentration of tyrosine, trypto-
phan and cysteine residues reflects the extinction coefficients of
fungal laccases [27]. The physico-chemical properties such as the-
oretical pI and molecular weight, extinction coefficient values for
soft rot fungal laccases (C. globosum and Cadophora sp.) were com-
paratively higher than brown and white rot laccases. The lower
extinction coefficients of white and brown rot laccases might be
due to the lower content of phenylalanine, tyrosine, tryptophan and
cysteine residues [27]. Studies have reported that proteins exhibit-
ing an instability index lesser than 40 possess an in vivo half-life
of 5 h and instability index greater than 40 has an in vivo half-life
period of 16 h [52]. The instability index (used for estimation of
in vivo half-life of proteins) values report that the selected laccases
have a long in vivo half-life period of 16 h except for W.  cocos lac-
case protein (in vivo half-life period of <5 h) [28,52]. The aliphatic
index (determined using the relative volume occupied by aliphatic
side chains of alanine, valine, leucine and isoleucine) is used as
a positive factor for increase in thermal stability of globular pro-
teins [29]. The selected fungal laccases exhibited aliphatic index
values in the range of 74.44–90.04, which suggests the stability of
selected laccases at wider temperature ranges. The hydrophobic-
ity/hydrophilicity of protein can be defined using the GRAVY (grand
average of hydropathicity) index values, where the positive and
negative values denote for hydrophobic and hydrophilic natures of
the protein. All the selected fungal laccase proteins except P. bre-
vispora were found to be hydrophilic in nature reporting that these
laccases interact better with water. The hydropathicity plots gen-
erated using Discovery studio visualizer

®
for the laccase protein
sequences also support the above reported values (Fig. S4).
The secondary structure analysis of the selected laccase protein

sequences using SOPMA web  server has revealed that the per-
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entage of random coiled secondary structures content is higher
ollowed by extended strand percentage (Table 3). Earlier stud-
es have reported that random coiled secondary structures are
nvolved in imparting flexibility, turnover and conformational
hanges of the enzymes [53]. Upon Motif scan analysis, all the
elected laccase proteins were commonly found to contain motif
equences for phosphorylation, glycosylation, myristoylation and
ulti copper oxidase patterns (Table 2). Phosphorylation is signif-

cant process which effects the functional and structural activities
f proteins and regulates the cell behavior in eukaryotes, through
ontrolling its intrinsic biological activity, cellular localization
nd interaction with other proteins [54]. The laccase protein
equences commonly showed casein kinase-II, protein kinase C
nd cAMP/cGMP dependent protein kinase (F. pinicola and W.
ocos) phosphorylation sites. Similarly, we have observed myris-
oylation patterns commonly among the laccases, myristoylation
modification of proteins with myristic acid) alters the conforma-
ional stability of proteins through interacting with hydrophobic

embranes and domains of the protein, it also plays crucial
ole in cellular signaling and extracellular export of the proteins
18,55–57]. Other commonly observed patterns include glycosy-
ation and amidation these post translational modifications are
nvolved in imparting thermal stability, copper retention and
etains its biological activities [58]. According to Marion et al., most
f the laccases are extracellular glycoproteins [59], results obtained
rom CELLO v2.5 subcellular location predictor showed that the
bove selected laccases were extracellular. We  have observed two
isulfide bonds in P. brevispora, D. squalens, W.  cocos and three
isulfide bonds in F. pinicola, C. globosum and Cadophora sp. Pre-
ious studies have reported that extracellular proteins contain
ore cysteine residues and disulfide bonds, compared to intracel-

ular proteins, thus disulfide bonds in extracellular laccase proteins
lay crucial role during protein folding and stability of the pro-
ein [60,61]. Presence of signal peptide cleavage sites (except W.
ocos) and absence of transmembrane helices (except D. squalens),
upports the extracellular nature of the selected fungal laccases.

Homology modeling studies are highly significant in determin-
ng protein structures for the proteins which lack the experimental
tructures, in the past few decades a wide range of efficient tools
nd servers were developed which can perform modeling studies
f proteins even with 30% of sequence identity with an accu-
acy achieved from low resolution X-ray structures [18,62]. Thus
erforming computational studies predicting the structural and

unctional properties of commercially important enzymes will sig-
ificantly support in planning biological experiments based on
hese enzymes [18]. Homology modeling of the selected fungal
accases was performed using SWISS Model automated server,
t selects best template based on the sequence identity results
btained through BLAST and HHblits [37]. SWISS-Model server per-
orms a range of quality checks and refines the side chains and
oops of the targets using template structures, it generates quality
cores such as QMEAN4 and GMQE scores. According to Benkert
t al., QMEAN is a compound scoring function used for the esti-
ation of global and local model qualities [63]. QMEAN uses four

tructural descriptors a) torsion angle potential b) all atom c)C-
eta interactions d) solvation potential, for the estimation of local
nd global qualities of the modelled structures between 0 (unre-
iable) to 1(better model) [63]. Global model quality estimation
GMQE) combines properties from the template and target align-

ent, GMQE is estimated in between 0 (unreliable) to 1 (reliable
ode) [37]. We  have obtained positive QMEAN scores for P. brevis-

ora, D. squalens and C. globosum whereas negative QMEAN scores

or F. pinicola, W.  cocos and Cadophora sp. laccases. SWISS Model
erver provides the quality estimations in the form of a chart where
D modelled structures have a color gradient in between blue to
ed which defines the resolutions between 1 and 3.5 Å respectively,
raphics and Modelling 79 (2018) 15–26 23

where the greater blue values represents a reliable structures [37].
Estimated global model qualities (GMQE) for the modelled laccases
where found to be in between the range of 0.78–0.97, which indi-
cates a good quality and reliable structures (Fig. 3).

The above obtained 3D modelled structures of fungal laccases
were further refined using GalaxyRefine and KoBaMIN web  servers.
KoBaMIN web server performs a knowledge based potential of
mean force correction of the modelled structures, KoBaMIN inter-
nally uses knowledge based potential derived from PDB structures
which also uses the energy function which implements the effects
of solvent and crystal environment and MESHI for optimizing stere-
ochemistry of the models [39]. GalaxyRefine is online web  server
which primarily rebuilds the side chains and also performs repack-
ing of side chains and later relaxes the overall structure through
molecular dynamic simulation methods, It improves both local
and global structural qualities of the predicted models [38]. We
have applied a combination of above mentioned model refining
methods differentially to obtain a best protein model with reli-
able Ramachandran scores and higher acceptable residues. We
have performed validation of the refined models using PROCHECK,
RAMPAGE and ERRAT analysis (Table 4). The refined selected
laccase models upon Ramachandran plot analysis revealed that
3D-modelled protein structures have >90% of residues in allowed
regions. For the predicted protein structures, it is ideal to con-
tain at least 90% of the residues must be in regions of allowed
regions, which suggests the predicted laccase structures were of
good quality. We have also validated the refined laccase structures
using PROQ web  server, it generates two quality metrics for the
estimation of model quality they are LG score and Max  sub-score
[43]. Where LG score must be greater than 4 and max  sub score
must be greater than 0.8 (very good) for the reliable protein struc-
tures. All the predicted laccase models have attained LG and max
sub scores between the range of (4.48–5.22) and (0.295–0.389)
respectively, which suggests that the refined 3D models of fun-
gal laccases were of good quality [43]. Finally, we  have used ERRAT
web server for the validation of the refined models, ERRAT analy-
ses the non-bonded interactions among different atom types based
on characteristic atomic interactions [42]. We  have observed that
all the predicted model structures have attained an overall quality
factor >50 which confirms that the refined laccase models were of
good quality [18,42]. From the predicted 3D modelled fungal lac-
case structures, we  can infer that soft rot fungal laccases C. globosum
and Cadophora sp. have shown significant differences in structural
and physico-chemical properties when compared to white rot and
brown rot fungal laccases. In order, to reveal these differences we
have superimposed all the refined laccase models using SWISS PDB
viewer. Results obtained from the superimposition studies have
revealed that RMSD values obtained for soft rot fungal laccases (C.
globosum and Cadophora sp.) showed slight structural differences
when compared to white and brown rot laccases (Table 8).

Several structural studies were conducted in the past which has
revealed the structural and functional properties of plant cell wall
based compounds and especially lignin based compounds. Ralph
et al. has conducted structural studies of lignin and other plant
cell wall compounds, and developed a single source database for
lignin model compounds [44]. We  have considered six lignin model
compounds for the present protein docking studies, lignin build-
ing monomers (sinapyl, coniferyl and p-coumaryl alcohol), dimer
(guaiacyl 4-O-5 guaiacyl), trimer (syringyl �-O-4 syringyl �-O-4
sinapyl alcohol) and tetramer (guaiacyl �-O-4 syringyl �-� syringyl
�-O-4 guaiacyl) [19]. We  have used AutoDock Vina and Tools for
achieving the protein docking studies using the above-mentioned

lignin model compounds [46]. AutoDock Vina is a fast and accurate
method of ligand protein docking tools which will facilitate flexible
docking studies [46]. We  have clearly observed that in P. brevis-
pora, W.  cocos laccase protein, monomers, dimer and trimer were
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uaiacyl (Tetramer), A) Phlebia brevispora, B) Wolfiporia cocos, C) Dichomitus squalen

ostly found to bind to the same pocket in different conforma-
ions, with tetramer binding at different (large) pocket. Whereas in
. squalens laccase protein we have observed that monomers, dimer
nd tetramer bind at the same pocket and contrastingly trimer
inds separately at different pocket (Fig. S15). The lignin model
ompounds (monomer, dimer, trimer and tetramers) were found
ind separately at different pockets in F. pinicola laccase protein.
oth soft rot fungal (Cadophora sp. and C. globosum)  laccases when
ocked with lignin model compounds, showed similar binding pat-
erns monomers, dimer bound at different pockets however, trimer
nd tetramer bound at the same pockets respectively (Fig. S15).
he binding patterns of trimer and tetramer by modelled fungal

accases were shown below (Fig. 4).
We  have compared the aminoacid residues of fungal laccases

hich are occurring in close interactions with lignin model com-
ounds. Commonly found aminoacid residues between the white
ot fungal laccases were PRO, HIS, SER, PHE, GLY, ALA, TYR, LEU,
YS, GLN, Thr. Similarly, common aminoacid residues between
rown rot fungal laccases were ARG, PRO, ASN, GLN, PHE, ASP, ALA,
EU, GLU, SER, GLY and Lys. Finally, common aminoacid residues
etween soft rot fungal laccases were TYR, ASP, VAL, THR, PHE,
SN, TRP, LYS, LEU, ARG, PRO, ILE and Gln. The commonly occur-
ing aminoacid residues among the selected white, brown and soft
ot fungal laccases were found to be PRO, PHE, LEU, LYS and GLN,
ther commonly found aminoacids were SER, GLY, ALA (white and
rown rot), ARG, ASN, ASP (brown and soft rot) and TYR, THR (white
nd soft rot) respectively.

In support of our present study, protein docking studies using
ignin model compounds (sinapyl alcohol, dimer, trimer and
etramer) earlier by Awasthi et al., has revealed the, interactions
f 11 aminoacid residues commonly (LEU, ASP, ASN, PHE, SER, PHE,
LY, ALA, PRO, ILE, and HIS) with all the lignin models [19]. Crys-

allographic studies of Melanocarpus albomyces laccase using lignin
odel compounds by Kallio et al., has revealed the interactions

f seven amino acid residues (ALA, PRO, GLU, LEU, PHE, TRP, and

IS) with the lignin model compounds [64]. According to Awasthi
t al., fungal laccases exhibiting higher redox potential were found
o include phenylalanine in the active binding site of the lignin
l �-O-4 sinapyl alcohol (Trimer) and guaiacyl �-O-4 syringyl �-� syringyl �-O-4
omitopsis pinicola, E) Chaetomium globosum and F) Cadophora DSE1049 v1.0.

model compounds, which is in accordance with the present results
[19]. Molecular docking studies of G. lucidum and P. ostreatus 3D-
predicted laccases with ABTS, has revealed the close interactions of
aminoacid residues (Phe, Asp, Ser, Pro, Gly, Ile, His and Gly, Val, Pro,
Asp, Ser, Asn, Phe, Ile, Trp and His) with the ligand [15]. Similarly,
studies conducted by Morozova et al. have revealed that laccases
exhibiting high potential were usually found to contain pheny-
lalanine residue at its axial ligand of type-T1 copper binding site.
[65]. According to Xu, laccases containing PHE residue at type-T1
copper binding site has showed higher redox potential than MET
containing laccases [66].

Results obtained in our present study highlights the structural
and functional properties exhibited by white, brown and soft rot
fungal laccase models. We  have clearly observed that white and
brown rot fungi exhibited clear and strong binding efficiencies
towards lignin model compounds when compared to soft rot fungal
laccases. We  have also seen that physico-chemical and structural
properties of soft rot fungi exhibited little but significant differ-
ences upon comparison with white and brown rot fungi. Further
molecular dynamic simulation and corresponding wet lab experi-
ments must be performed to understand the catalytic efficiencies of
fungal laccases. Increasing genome and transcriptome wide studies
were continuously revealing the molecular complexities of several
fungi. Efficient methods for fishing high potential laccases will play
a crucial role in developing genetically efficient microorganisms for
the degradation of lignin, which will significantly help the growing
biofuel and bioremediation industries.
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