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Abstract

Structural and functional evaluation of azo dye degrading enzymes were under-
taken employing in silico analysis. 3D structure models for laccase (QSEBY5)
and hemeperoxidase (AOA1Q3E2I9) from the Lentinus sp. was generated using
AlphaFold. Molecular docking was performed with AutoDock software for
binding energy calculation, after identification of active site residues based on
literature. Further, molecular dynamics simulation analysis was performed to
evaluate the consistent binding of the dye molecules at the active site of the
proteins. Molecular docking analysis revealed significant binding of three azo
dyes, Amido Black 10B, Reactive Blue160, and Reactive Black 5 at the catalytic
site of laccase (Q5EBY5) with significant binding energies of —7.6 kcal/mol,
—7.4 kcal/mol and —6.9 kcal/mol respectively indicating Q5EBY5 laccase as
the competent enzyme for remediation of dyes. Further heme peroxidase
(AOA1Q3E2I9) had shown higher negative binding energy of —7.7 kcal/mol,
—6.4 kcal/mol for Amido Black 10B, Reactive Black 5, respectively. The num-
ber of hydrogen bonds in both the complexes between the protein and the
ligand were consistent during the simulation and revealed effective interac-
tions.

Keywords
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1. Introduction

The discharge from the textile industry is the leading contributor to water pollu-
tion, generating substantial volumes of wastewater to natural bodies like rivers
and lakes, thereby posing the environmental challenge [1]. Globally, approxi-
mately 10,000 dyes and pigments are produced annually, amounting to about 0.7

million tons of synthetic dyes [2]. A prominent subset within this spectrum com-
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Table 1. Details of azo dyes used.

prises azo dyes, characterized by their extensive diversity and prevalence in textile
applications, accompanied by inherent challenges such as recalcitrance, limited
biodegradability, and enduring presence in the environment [3]. Azo dyes, con-
sisting of the azo bonds, exhibit remarkable stability across a broad spectrum of
pH, temperature and various light exposure conditions [4]. Molecular docking
serves as a pivotal tool in bioremediation strategies, facilitating the prediction of
various parameters such as ligand-protein interactions, theoretical mechanisms,
and toxicity. This enables a productive technology transfer to real-time setup [5].
Its application extends to the prediction and screening of pollutants for bioreme-
diation through enzymatic systems [6]. Utilizing in silico approach, it can forecast
the chemical nature of contaminants, propose novel xenobiotics biodegradation
pathways and identify microorganisms capable of biotransformation [7] [8]. The
proposed approach advocates a combination of dry lab in silico analysis followed
by experimental confirmation as a time and cost effective strategy. This is partic-
ularly significant due to increasing levels of xenobiotics and employing promising

approaches for remediation purposes.

2. Materials and Methods
2.1. Dyes and Chemicals

Azo dyes PubChem CID

Chemical formula Chemical structure

Amido Black 10B 135442942

Reactive Black 5 135442967

Reactive Blue 160 9577218

C2H14NeNa>O9S: o il

N 4Ny oy N
Ca6H21N5Na4O19S6 o @ o @ o

e
o~ o
C3sH23CN14NasO1sSs 25%@ O Na +

DOI: 10.4236/aim.2026.169023

406 Advances in Microbiology


https://doi.org/10.4236/aim.2026.169023

A. Mathur et al.

The dyes used in the study consist of Amido Black 10B (AB10B), Reactive Black 5
(RB5), Reactive Blue 160 (RB160). The information concerning the azo dyes, in-

cluding their molecular formula and structure, is illustrated in Table 1.

2.2. Phylogenetic Analysis

The pair-wise sequence alignment of laccase (uniport id: Q5EBY5) with Iron per-
mease FTR1, Cu-oxidase-domain-containing protein, Solute carrier family 40
protein, Glyco_hydro_79C domain-containing protein and several uncharacter-
ized proteins, and heme peroxidase (uniport id: AOA1Q3E219) from Lentinula
edodes was performed by BLAST analysis using a non-redundant sequence data-
base. The top 10 hits were selected and the multiple-sequence alignment of these
sequences was performed using Clustal Omega. The phylogenetic tree from mul-
tiple sequence alignment was generated to deduce the evolutionary relationship

between the high similarity sequences [9] [10].

2.3. Protein Network Analysis

Protein network analysis was performed for laccase (uniport id: QSEBY5) and
heme peroxidase (uniport id: AOA1Q3E2I9) using STRING protein-protein inter-
action database by selecting Lentinus tigrinus and Lentinula edodes as organisms
respectively. The proteins found to be interacting were evaluated for their func-

tional association with the laccase and heme peroxidase.

2.4. Structure Modelling and Ramachandran Analysis

The protein structure was predicted by using Alpha Fold (https://colab.re-
search.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb)

developed by DeepMind and the quality of the model was evaluated by generating
the Ramachandran plot using Discovery Studio software. The quality of the struc-
ture was evaluated based on the number of residues in the favorable region of the

Ramachandran Plot.

2.5. Grid Preparation and Molecular Docking of Ligands

The modeled structure of laccase (Q5EBY5) and heme peroxidase (AOA1Q3E2I9)
were used for molecular docking with the dye molecules including Amido Black
10B, Reactive Black 5, and Reactive Blue 160. The 3D structures of the dye mole-
cules were prepared using an online smile translator. Molecular docking was per-
formed using AutoDock tools 1.5.6 version using search parameters of Lamarck-
ian GA algorithm 4.2. The grid box dimensions considered were center X =
—13.65, center Y = —4.18, and center Z = —5.79 and the grid size was X = 23.62, Y
= 23.55, and Z = 28.73 for laccase (Q5EBY5) and center X = —2.76, center Y =
—1.18, and center Z = 26.41 and the grid size was X =28.6, Y =29.32,ad Z = 32.49
for heme peroxidase (AOA1Q3E2I9). The genetic algorithm was used as search
parameters including the number of GA runs of 10. The clustering of docked con-

formations was done using default RMSD tolerance of 2.0 A. The proteins were
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prepared for docking by polar hydrogen addition, merging of non-polar hydro-
gens and addition of Kollman charges. The high negative binding energy of dock-
ing and the number of hydrogen bond interactions at the active site of the enzyme

were considered for the evaluation of the best binding pose [11]-[13].

Table 2. Details of proteins interacting with laccase Q5EBY5.

Accession No. Proteins

AO0A5C280T8 Iron permease FTR1
AO0A5C2S1A8 Cu-oxidase-domain-containing protein
AOAS5C282R5 Solute carrier family 40 protein
A0A5C25SW2 Glyco_hydro_79C domain-containing protein
AO0A5C2SIH4 uncharacterized proteins
AO0A5C2SWTJ8 uncharacterized proteins

2.6. Molecular Dynamic Simulation

The complexes of protein-dye molecules having high negative binding energy
were considered for MD simulation for a duration of 100 ns. The ligands topolo-
gies were made using CHARMM General Force Field online server. The protein
topology was made using CHARMM?36 force field. The systems were solvated in
dodecahedron box using Simple Point Charge water model and ions were added
to neutralize the systems. The energy minimization was performed keeping max-
imum force limit of 10 kJ/mol. The equilibrations at number of atom pressure
temperature and number of atom volume temperature at 300 K and 1 bar pressure
for a duration of 100 ps each were performed for all the systems. Lastly, the sys-
tems were exposed to molecular dynamic run of 100 ns. The analysis of simulation
runs was performed by considering the variations in Root Mean Square Deviation
(RMSD), Root Mean Square Fluctuation (RMSF), Radius of gyration (Rg) and
number of hydrogen bonds formed at each picosecond during the simulation tra-

jectory [14].

3. Results and Discussion

3.1. In Silico Analysis of Lentinus laccase and Heme Peroxidase

The three-dimensional structure of the Lentinus sp. laccase and heme peroxidase
were modelled using AlphaFold. Docking analysis serves as a valuable tool for in-
vestigating the interaction between proteins and ligands to elucidate the for-
mation of stable docked complexes. This approach is instrumental in exploring
both the binding and would also enable in deciphering the mechanistics of enzyme
derived catalysis [14] [15].

3.2. Sequence Based Alignment and Phylogenetic Analysis of
Laccase

Sequence based alignment of laccase of Lentinus (Uniprot ID: Q5EBY5) showed
high sequence identity of 87.93% with laccase of Polyporus brumalis 82.54% with
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laccase of Ganoderma lucidum and 82.72% with laccase of Ganoderma weberi-
anum. Further multiple sequence alignment followed by phylogenetic analysis re-
vealed close evolutionary affiliation of laccase of Lentinus tigrinus with Polyporus
brumalis (ABN13591.1), Cerioporus squamosus (KA10699344.1), Ganoderma lu-
cidum (AHA83584.1) while the considered laccase is relatively less evolutionarily
related with Ganoderma weberianum (ANA53145.1) and multiple sequence
alignment analysis of laccase showed 100% similarity with Lentinus (Figure 1(a),
Figure 1(b)).

K AJ460584.1-[Ganoderma 0.0521
Q56RV5-Lentinus 0.0305
ABN12381.1-[Polyporus 0.0381
c _': KAI033344.1-[Coriolopsis 0.0019
. AAE69269.1-[Polyporus 0.0014
AVA53145.1-[Ganoderma 0.0386
M FJL30426.1-Transporter-[Ganoderma 0.6102
(a)
I Graphical Overview
| Find: aplaqm A Tools » | B columns | =] Rows | ¥, Download + | fasf Coloring » | & 2 ~
Sequence ID Start 1 50 100 150 200 250 300 350 400 450 522 | End Organism
oz i Y] N W 63 [\ corinus tiorin
2076 A 1 Y N I 498 | Lentinus tiarinu
[RPDS7148.1 1 v N B 519 || entinus tiorinus AL CEDS
ABN13501 1 1 Y N R N 520 Ivoorus brumali
AHAB3384.1 1 v I I R 570 derma lucidum
\WGG39384,1 1 g [ Bm derma lucidum
ANAS3145.1 1 Y e NN N 520 derma weberianum
PIL30426.1 1 Y e N N 520 derma sinense 770
KAT0699344.1 1 v e I I 518 |Cerionou
291 1 Y e R 513 voorus iliatu
KATI791912.1 1 v I R . 5)) derma leucocontext
KAI0756312.1 1 Y e T 20 Daedaleopsis nitida
T6U49264,1 1 v e N M 50 |Dichomitus saualen
TBU62599.1 1 Y I DU B 520 |Dichomitus saualen

(®)

Figure 1. Phylogenetic tree (a) and multiple sequence alignment (b) analysis of laccase
(Q5EBY5).

3.3. Protein-Protein Interaction Network Analysis and Structural
Modeling Analysis

Network analysis of Laccase of Lentinus (Uniprot ID: QSEBY5) displayed close in-
teraction of laccase (Figure 2) with Iron permease FTR1 (AOA5C2S0T8), Cu-oxi-
dase-domain-containing protein (AOA5C2S1A8), Solute carrier family 40 protein
(AOA5C2S2R5), Glyco_hydro_79C domain-containing protein (AOA5C2SSW2)
and several uncharacterized proteins (AOA5C2SIH4, AOA5C2SW]J8) (Table 2).
The Ramachandran plot analysis denoted most of the residues in favorable re-
gion explaining the high accuracy of the structure (Figure 3(a)). /n silico analyses
illustrate the enzymatic capability of Lentinus sp. laccase in mitigating diazo dyes
through the formation of hydrogen bonds. The 3D structure of laccase (Uniprot
ID: Q5EBY5) was modelled using Alpha Fold which is an Al based high accuracy

protein structure prediction tool (Figure 3(b)).
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Figure 2. String network of proteins interacting with laccase (Red).

Table 3. Structural and catalytic features of laccase and heme peroxidase used for molecular

docking.
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(b)

Figure 3. Ramachandran Plot (a) and modeled structure (b) of Q5EBY5 laccase of Lentinus.

3.4. Molecular Docking Analysis of Laccase

Molecular docking analysis revealed significant binding of three azo dyes, Amido
black 10B (AB10B), Reactive Black 5 (RB5) and Reactive blue 160 (RB160), at the
catalytic site of laccase (Q5EBY5) with significant binding energies of —7.6 kcal/mol,
—6.9 kcal/mol and —7.4 kcal/mol respectively. Further interaction analysis revealed
that Amido black 10B formed 3 hydrogen bonds with Gly101, Val402, and Gln441
(Figure 4(a), Figure 4(b)) [16]-[18]. Additionally, these analyses indicate a slight
shift in the enzyme’s conformational state due to laccase-azo dyes interaction.
These findings encourage the refinement of technologies tailored for synthetic dye

treatment.
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Figure 4. Docked complex of Amido black 10B with laccase (a), representation of molecu-
lar interactions in the organic residue of AB10B dye from the enzyme-ligand complex (b).
Gly101, Val402, and Gln441—conventional hydrogen bonding; PHE69—Pi-sulfur; MET
310—Pi-Sigma; PRO313—Pi-Alkyl; THR306—Pi-donor hydrogen bond. Docked complex
of Reactive Blue 160 with laccase (c), representation of molecular interactions in the organic
residue of RB160 dye from the enzyme-ligand complex (d), LYS71, ASP443, HIS401,
VAL402, THR308, AND SER227—ASP128 conventional hydrogen bonding; GLY101—car-
bon-hydrogen bond; MET310—Pi-Sigma; PRO132—Pi-Alkyl. Docked complex of Reactive
Black 5 with laccase (e), representation of molecular interactions in the organic residue of
RB5 dye from the enzyme-ligand complex (f). ASP443, PHE440, THR308, SER227—con-
ventional hydrogen bonding; PHE69, MET310—Pi-sulfur; PRO132—Pi-Alkyl.

The interactions of Reactive black 160 had demarcated 7 hydrogen bonds with
Lys71, Asp443, His401, Val402, Thr308, Ser227 and Asp128 (Figure 4(c), Figure
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4(d)).

Reactive Black 5 upon docking with laccase had resulted in 4 hydrogen bonds
with Asp443, Phe440, Thr308, and Ser227 (Figure 4(e), Figure 4(f)). Thus, these
indicate a potential interaction of the azo dyes with the active site of the laccase
and hence further accelerate the laccase in the azo dye degradation (as shown Ta-
ble 3) [14].

3.5. Molecular Dynamic Simulation of Laccase

(a) (©)
0.354 —— Q5EBY5-Apo 216 ——Q5EBY5-Apo
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Figure 5. Analysis of MD simulation parameters for QSEBY5-Amido black 10B complex stability, (a) Root
mean square deviation (RMSD), (b) Root mean square fluctuation (RMSF), (c) Radius of gyration, (d) Hydro-
gen bonds analysis for QSEBY5-Amido black 10B complex during the MD simulation trajectory of 100 ns.

Molecular dynamic simulation analysis was performed using GROMACS soft-
ware for the high binding energy best docked complex of Q5EBY5 with AB10B to
evaluate the stability of protein with the azo dye. Molecular dynamic simulation
of apo-protein was also performed for comparative analysis. The RMSD analysis
was done to assess the structural stability of the obtained complexes after virtual
screening, and also to evaluate structural agreement with the crystal structure. The
RMSEF for each protein-ligand complex and native protein were calculated for
fluctuation of the atom coordinates of the Ca to assess the flexibility of the struc-
tures, these values were evaluated with respect to the residues in the protein to
estimate the motion in various residues. The RMSD values tend to converge after

20 ns and deviate from 0.12 to 0.32 nm with an average value of 0.22 nm. The
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RMSD values of apo and complex forms were closer, delineating stable interaction
of the ligand at the binding site (Figure 5(a)). The RMSF values of apo and com-
plex showed the small fluctuation within 0.5nm in turn demarcating high stability
of ligand interaction (Figure 5(b)). The Rg values indicated high compactness of
the structure in both apo and complex forms providing evidence that the ligand
binding did not impact into any major change in the structure of enzyme (Figure
5(c)). This study was used to assess the changes brought about by ligand binding
to the protein. The consistent hydrogen bonds formed during the trajectory of
100ns apparently prove effective interaction of the AB10B at the catalytic site of
the enzyme (Figure 5(d)). Hence, these denote Q5EBY5 laccase as effective an
competent enzyme that can lead into degradation of AB10B with higher efficiency
[14] [16] [19].

3.6.Sequence Based Alignment and Phylogenetic Analysis of Heme
Peroxidase

——  KAJ3812978.1-Lentinula-aff -lateritia 0.00504587
b KAJ3854868.1-Lentinula-lateritia 0.00504587
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Figure 6. Phylogenetic (a) and multiple sequence alignment analysis of AOA1Q3E2I9 heme
peroxidase from Lentinula edodes (b) and with heme peroxidase of different species.

The multiple sequence alignment followed by phylogenetic analysis of heme pe-
roxidase from Lentinula edodes (AOA1Q3E219) revealed the effective evolution-
ary relationship with heme peroxidase of Lentinula lateritia (KAJ4494436.1).
These two closely related heme peroxidases in turn showed phylogenetic rela-
tionship with heme peroxidases of Lentinula novae-zelandiae (KAJ3865441.1)
and Lentinula lateritia (KAJ3854868.1). Moreover, heme peroxidases of Len-
tinula aff. lateritia (KAJ3812978.1), Lentinula novae zelandiae, Lentinula aciculo-
spora (KAJ4490906.1), Lentinula boryana (KAJ3993518.1), and Lentinula detonsa
(KAJ3749620.1) were found to have significant sequence identity and phylogenetic

association with the heme peroxidase of Lentinula edodes. Multiple sequence
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alignment analysis of heme peroxidase showed 100% similarity with Lentinus
(Figure 6(a), Figure 6(b)).

3.7. Protein-Protein Interaction and Structural Modeling Analysis

The protein-protein network analysis revealed the closely associated proteins with
that of heme peroxidase in Lentinula edodes (AOA1Q3E219) (Figure 7). The con-
sidered heme peroxidase closely interacts with two aspartate aminotransferases
(AOA1Q3EHG3; A0OAIQ3EG41) and one lipoxygenase (AOA1Q3ERWI1). The
other interacting enzymes with that of the considered heme peroxidase are given
in Table 4 which include two lysophospholipase (AOA1Q3E3F4), glycoside hy-
drolase (AOA1Q3EQS81), protein transport protein (AOA1Q3ET19), and trans-
membrane protein (AOA1Q3E2D?7).

IENEDRN002984
UENEDE012-167

UENEDE01-2576;

__ LENED) eem
TENEDY008562) ! )

IIENERE003065, -

LEN D) GeEEEe

LENEDE005805

Figure 7. Protein-protein interaction network of heme peroxidase AOA1Q3E2I9 (LENED_
003065) in Lentinula edodes.

Table 4. Details of proteins interacting with heme peroxidase AOA1Q3E2I9 (LENED_003065).

Accession No. Proteins
LENED_002984 Transmembrane protein
LENED_012167 Lipoxygenase
LENED_012576 Protein transport protein secl6
LENED_011349 HSP20-like chaperone
LENED_011510 Glycoside hydrolase family 74 protein
LENED_003065 Heme peroxidase
LENED_008562 Aspartate aminotransferase
LENED_008027 Aspartate aminotransferase
LENED_002883 Lysophospholipase
LENED_005805 Meiotically up-regulated 190 protein

DOI: 10.4236/aim.2026.169023 416 Advances in Microbiology


https://doi.org/10.4236/aim.2026.169023

A. Mathur et al.

3.8. Protein Structure Modeling and Ramachandran Analysis of
Heme Peroxidase

The 3D structure of heme peroxidase (AOA1Q3E2I9) was predicted by Alpha Fold
and the Ramachandran analysis was performed to evaluate the modeled structure
quality (Figure 8(a), Figure 8(b)). Most of the residues are in favorable regions of
the Ramachandran plot proving high quality of the predicted structure [20].

( k&f
LV
135+ o
o
o]
90+ //,_ﬁ\
/ ‘
AR
451 K 8%% \\
\ \\\ Ab )
28] a
‘B 0 \\ \% ﬁ
Q N f
\)
/
-45 ( o
L b
"
90+
/‘/\
1357 & C
» - . 1
P o VRS o - Y \‘\ T /
180+ ' O ' ap '
-135 90  -45 0 45 90 135 180
Phi
(a)

(b)

Figure 8. Ramachandran Plot (a) and modelled structure (b) of AOA1Q3E2I9 heme perox-
idase of Lentinula edodes.
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3.9. Molecular Docking Analysis of Heme Peroxidase

Molecular docking analysis of AOA1Q3E219 heme peroxidase of Lentinula edodes
resulted in high negative binding energies of —7.7, —6.4 kcal/mol for Amido Black
10B form Arg980, I1e803 in conventional hydrogen bonding and Gly688-carbon-
hydrogen bond (Figure 9(a), Figure 9(b)). The interaction of RB5 shows multiple
hydrogen bonds involving Tyr622, GIn685, I11e803, Thr804, Thr818, Tyr955,
Aspl061, in addition Gly688, Ala821, and Lys1060 involved in carbon hydrogen
bond (Figure 9(c), Figure 9(d)). The interaction analysis showed several hydro-
gen bonds between heme peroxidase and AB10B and RB5. The interaction analy-
sis of heme peroxidase with RB160 displayed unfavorable interactions of the lig-

and with the protein (as shown in Table 3) [21].

Interactions

|:| van der Waals - Pi-sigma
- Conventional Hydrogen Bond - Fi-Pi Stacked
|:| Carbon Hydrogen Bond |:| Fi-Alkyl

(b)
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Figure 9. Docking interactions between heme peroxidase and Amido Black 10B (a), rep-
resentation of molecular interactions in the organic residue of AB10B dye from the en-
zyme-ligand complex (b). ARG980, ILE803 conventional hydrogen bonding; GLY688—
carbon-hydrogen bond; LEU814, THR818—Pi-Sigma. Docking interactions between
heme peroxidase and Reactive Black 5 (c), representation of molecular interactions in the
organic residue of RB5 dye from the enzyme-ligand complex (d). TYR622, GLN685,
ILE803, THR804, THR818, TYR955, ASP1061—conventional hydrogen bonding; GLY688,
ALA821, LYS1060—carbon-hydrogen bond; LEU814—Pi-Sigma; PHE822—Pi-Sulfur.

3.10. Molecular Dynamic Simulation of Heme Peroxidase

Molecular dynamic simulation of the apo-heme peroxidase and complexes of
heme peroxidase with Amido Black 10B and Reactive Black 5 were performed.
The RMSD values with respect to time of apo-protein as well as that of complexes
were in the range of 0.15 to 0.5 nm with an average value of 0.3 nm during the
trajectory denoting high stability of the complexes due to the least deviations in
complexes (Figure 10(a)). Stable interaction have been observed earlier [22]. The
RMSEF values showed similar fluctuations in AB10B complex to that of the apo-

heme peroxidase denoting relatively higher stability of the interactions compared
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to the other dye RB5 (Figure 10(b)). The overall fluctuations were less than Inm
thus both the ligands did not pose any major structural change in the protein and
demarcated higher stability of complexes. The Rg values of both the complexes
were similar to that of the apo-protein and varied in the range of 2.80 to 3.00 nm
during the simulation trajectory thus attributing high compactness of the protein
during simulation period of 100 ns (Figure 10(c)). The number of hydrogen
bonds calculated at each picosecond in both the complexes between the protein
and the ligand were consistent during the simulation and revealed effective inter-
actions between protein and ligand during the 100 ns simulation (Figure 10(d)).

Several structural characteristics contributing to novel structural, catalytic, and
stability features have been unveiled through bioinformatics driven genome-wide
analysis [23] [24].

(b)
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Figure 10. Analysis of MD simulation parameters for AOA1Q3E2I9-ligand complex stability, (a) RMSD,
(b) RMSF, (c) Rg, (d) Number of hydrogen bonds with respect to time in AOA1Q3E2I9-ligand complexes
during the trajectory period of 100 ns.

4. Conclusion

The catabolism of azo dyes denoted the pivotal enzymes involved in dye degrada-
tion mainly laccase, manganese peroxidase, lignin peroxidase, and other enzyme
associated with the dye. Molecular docking analysis revealed binding of three azo
dyes, AB10B, RB5, and RB160 at the catalytic site of laccase (Q5EBY5) with sig-
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nificant binding energies. Laccase (Q5EBY5) effective enzyme for remediation of
the dyes. In addition, heme peroxidase had also shown stable interaction with
AB10B and RB5. The number of hydrogen bonds in both the complexes between
the protein and the ligand were consistent during the simulation and revealed ef-
fective interactions. Thus, effective binding and significant interactions of the azo
dyes with active sites illustrate the potential of the enzymes in the degradation of
dyes. In our previous study, Mathur et al (2024), Lentinus squarrosulus AF5
demonstrated efficient azo dye degradation. Chromatographic and spectroscopic
analyses confirmed the transformation of the dyes and the formation of degrada-
tion products, while subsequent phytotoxicity and cytotoxicity assessments indi-
cated substantially reduced toxicity of the metabolites. These findings established
L. squarrosulus AF5 as a promising fungal biocatalyst for azo dye bioremediation
and provided the basis for further investigation of the molecular mechanisms un-
derlying enzyme-dye interactions and degradation. Building on this previous
work, the present study further explores the potential involvement of ligninolytic
enzymes through molecular docking and structural analysis. These results expand
our understanding of the fungal mechanisms involved in dye degradation and

serve as a catalyst for scaling up this process for the treatment of textile effluents.
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