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ABSTRACT 

Tyrosinase is a copper-containing enzyme known for ability to degrade phenolic 

compounds, making it highly attractive for industrial applications, particularly in 

wastewater decontamination. While fungal tyrosinase is considered an excellent 

source for enzyme studies and applications, deeper investigations into its structural 

properties and phenol degradation activity are still needed. This study aims to elu-

cidate the structural properties of tyrosinase from the mushroom Lentinula edodes 

(Edo-Tyr) and evaluate its phenol degradation activity. The amino acid sequence of 

Edo-Tyr was retrieved from GenBank (AB 033993.1) and used to construct three-

dimensional models via Robetta, SWISS-MODEL, and Phyre2. The best model 

obtained from SWISS-MODEL indicated that the structure is predominantly heli-

cal, with a Cu2+ ion observed in the active site coordinated by His64, His90, His99, 

His261, His165, His289, and His290. Structural comparisons revealed similarity 

between Edo-Tyr and tyrosinase from Bacillus megaterium (Bm-Tyr), with an 

R.M.S.D of 1.38 Å. Sequence alignment further suggested that His265 serves as 

the active site in Edo-Tyr, analogous to His208 in Bm-Tyr. Molecular docking 

analysis demonstrated that the catalytic mechanism of Edo-Tyr likely involves 

hydroxylation via an electrophilic attack, potentially facilitated by a tyrosine rota-

tion event. Key residues implicated in this process include His64, His265, His90, 

Pro277, and Asp262. Subsequent in vitro assays using a phenol solution confirmed 

the recombinant Edo-Tyr's ability to degrade phenol, achieving a 48% reduction in 

phenol concentration with 0.3 U/µL of tyrosinase. These findings confirm the po-

tential application of Edo-Tyr in bioremediation, specifically for phenol decontam-

ination, highlighting its promise for industrial and environmental applications.   
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Introduction 

Tyrosinase (EC 1.14.18.1), a copper-

containing enzyme classified under the polyphe-

nol oxidase family, is pivotal in the biosynthesis 

of melanin and oxidation of phenolic compounds. 

This enzyme, found ubiquitously across various 

life domains, including plants, fungi, bacteria, 

and animals, tyrosinase contributes to critical 

biological processes such as pigmentation, UV 

protection, wound healing, immune responses, 

and the enzymatic browning of fruits and vegeta-

bles [1-3]. Given its broad biological signifi-

cance, tyrosinase has become a focal point for 

industrial and environmental applications, such 

as phenol decontamination and biosensor devel-

mailto:cahyo@ums.edu.my


V David, MNBA Rasah, HU Lindang, et al. , 2026 / Structure and Phenol Decontamination by Lentinula edodes Tyrosinase 

   

    

 JTLS | Journal of Tropical Life Science 50 Volume 16 | Number 1 | January | 2026 

 

opment [4].  Phenol decontamination involves the 

removal of toxic phenolic compounds from in-

dustrial effluents prior to environmental dis-

charge. This is critical as phenols are highly tox-

ic, persistent, and harmful to aquatic ecosystems 

and human health even at low concentrations. 

Tyrosinase facilitates this process by oxidizing 

phenols into quinones, which subsequently pol-

ymerize into less toxic, insoluble products that 

can be removed from wastewater [1,4]. High 

phenol levels are commonly reported in effluents 

from petroleum refineries, coal processing, and 

pulp and paper industries, and accidental releases 

have caused fish mortality, ecosystem disruption, 

and contamination of drinking water sources [5-

6]. Even concentrations as low as 0.001–0.01 

mg/L can render water unsuitable for consump-

tion, emphasizing the need for effective removal 

strategies such as enzymatic treatment [7]. In ad-

dition, tyrosinase is widely utilized in biosensor 

technologies as a biorecognition element. It cata-

lyzes the oxidation of phenolic substrates at elec-

trode surfaces, generating electroactive quinones 

that produce measurable currents proportional to 

phenol concentration. This enables sensitive and 

selective detection in environmental monitoring, 

food safety, and clinical screening applications 

[4]. These applications require a sustainable en-

zyme supply and a thorough understanding of its 

catalytic properties to optimize performance un-

der practical conditions [1,4]. 

Structural studies of tyrosinase are crucial for 

elucidating catalytic mechanisms and engineering 

enhanced variants. The core of tyrosinase activity 

lies in its active site, which contains two copper 

ions (CuA and CuB) coordinated by histidine 

residues [8-9]. These copper ions interact with 

molecular oxygen and phenolic substrates during 

catalysis, making the active site architecture a 

key determinant of enzyme functionality. Despite 

its importance, structural information on mush-

room-derived tyrosinase remains limited, with 

only a few studies available. For instance, tyrosi-

nase structures from Agaricus bisporus (common 

white button mushroom) have been resolved and 

reveal a conserved copper-binding motif critical 

for activity [4]. However, structural variations, 

such as loop regions near the active site or glyco-

sylation patterns, have been reported in tyrosi-

nases from different sources [8,10]. These differ-

ences likely influence substrate specificity, cata-

lytic efficiency, and stability, highlighting the 

need for further structural characterization of ty-

rosinase from diverse sources. 

Among the various mushroom-derived tyro-

sinases, Lentinula edodes (shiitake) presents a 

particularly compelling subject of study for sev-

eral reasons. Firstly, it represents an excellent 

source of tyrosinase due to its natural abundance 

and ease of cultivation [11]. Secondly, in tropical 

regions such as Sabah, Malaysia, L. edodes is 

widely consumed and locally known as “kulat 

jipun” or Borneo mushroom, underscoring its 

regional availability and socio-economic im-

portance. This local relevance further supports its 

potential as a practical bioresource for enzyme 

production and environmental applications within 

the region [12-13]. Thirdly, this mushroom is a 

promising source of enzymes with potential bio-

technological applications, particularly for phenol 

decontamination; however, comprehensive fun-

damental studies are still required to fully support 

its utilization. Lastly, the structural properties of 

tyrosinase from L. edodes (Edo-Tyr) remain 

largely unexplored, limiting our understanding of 

its functional and catalytic mechanisms. This 

knowledge gap, together with its potential appli-

cation in phenol bioremediation, makes Edo-Tyr 

an attractive candidate for further investigation. 

Previous studies have shown that the catalytic 

mechanism of tyrosinase involves several key 

steps, including oxygen binding to the copper 

ions at the active site, followed by substrate bind-

ing, oxidation, and product release [8,14]. De-

tailed structural studies are therefore essential to 

elucidate these mechanisms. For instance, struc-

tural characterization can reveal how specific 

substrates, such as L-DOPA, interact with the 

enzyme, including the roles of surrounding amino 

acid residues and copper coordination [8]. Addi-

tionally, capturing structures of catalytic inter-

mediates may provide insights into the enzyme’s 

transition between hydroxylase and oxidase ac-

tivities. Comparative analyses of tyrosinases 

from different mushroom species may further 

elucidate how variations in active-site architec-

ture influence catalytic efficiency, stability, and 

substrate specificity. 

Although the structures of tyrosinase from 

certain mushrooms, such as A. bisporus, are well-

documented [4], little is known about the unique 

structural features of Edo-Tyr. This gap signifi-

cantly limits the exploitation of L. edodes as a 

source of functional enzymes. Moreover, while 
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recombinant production of Edo-Tyr has been re-

ported, its functional validation, particularly in 

terms of phenolic compound degradation, re-

mains unconfirmed. This study addresses these 

limitations by applying computational approach-

es to investigate the structural properties of Edo-

Tyr and evaluate its capacity for phenol degrada-

tion.  It provides the first evidence of the sub-

strate-binding properties of this protein, high-

lighting its promising potential for phenolic de-

contamination. 

 

Material and Methods 

Homology structural modeling  

The amino acid sequence of tyrosinase was 

obtained from the complete genome sequence of 

L. edodes. The corresponding gene sequence is 

available in the NCBI database under accession 

number AB 033993.1. This nucleotide sequence 

was utilized to construct a homology model of 

Tyrosinase through different protein structure 

prediction platforms, Robetta, SWISS-MODEL 

and Phyre2. The model was then evaluated and 

validated according to Global Model Quality Es-

timation (GMQE), QMEAN statistical parame-

ters, and G factor Procheck. The amino acid se-

quence of Edo-Tyr was retrieved from the com-

plete genome sequence of L. edodes. The corre-

sponding gene sequence is available in the NCBI 

database under accession number AB 033993.1. 

The nucleotide sequence was then used for con-

structing the homology model of Edo-Tyr using 

the ab initio protein structure prediction server of 

Robetta [15-18]. The model was then evaluated 

and validated according to Global Model Quality 

Estimation (GMQE), QMEAN statistical parame-

ters, and G factor Procheck [19-21]. 

 

Molecular docking simulation 

The structural model of Edo-Tyr obtained 

above was used for a molecular docking study as 

the receptor. Meanwhile, the known substrate for 

tyrosinase, l-3,4-dihydroxyphenylalanine (L-

DOPA), was selected as the ligand. Both recep-

tors and ligands were prepared by minimizing the 

energy and then 3D protonating in MOE [22]. 

Further, the docking of the ligand onto PAP was 

performed using YASARA Structure software 

(Yet Another Scientific Artificial Reality Appli-

cation) [23]. Briefly, the receptor and ligand files 

in .pdb format were used to set the target and 

play the macro in the YASARA structure soft-

ware. Then, the docking analyses were performed 

using the local and global docking default macro 

file dock_runlocal.mcr and dock_run.mcr, re-

spectively. The macro files were used to calculate 

the interaction energy (kcal/mol) and dissociation 

constant, KD (pm), of the complexes. Meanwhile, 

local docking was executed by a predefined 

square grid with a size of 10Å x 10Å x 10Å 

around the catalytic site of the receptor. Further, 

the receptor file was saved in.yob format as re-

quired for the local docking study. Both local and 

global docking studies undergo 25 VINA dock-

ing runs of the ligand to the receptor. Afterward, 

the Edo-Tyr complexes were converted into PDB 

files by YASARA software and visualized for its 

2D-3D interactive study with the help of Discov-

ery Studio Visualizer version v19.1.0.18287 

(BIOVIA, San Diego, CA, USA) and PyMOL 

Software. To note, the selection of the area 

around the catalytic site for the binding site dur-

ing docking was based on the finding of other 

tyrosinases, which showed that the substrate 

docked into this area. The catalytic sites of Edo-

Tyr were identified using sequence alignment as 

detailed below. 

 

Sequence alignment 

Sequence alignment of the amino acid se-

quences was done using T-coffee [24-26]. Before 

the amino acid Multiple Sequence Alignment 

(MSA), the sequences were extracted from the 

Protein Data Bank (PDB) in FASTA format. The 

MSA was adapted from the constructed multiple 

sequence alignment by Ozvoldik et al. [22] and 

Orobitg et al. [23]. The amino acid sequences of 

tyrosinase from other organisms were retrieved 

from the PDB, which include Bacillus megateri-

um (Tyr-Bm), Priestia-megaterium (Tyr-Pm), 

Streptomyces-castaneoglobispor (Tyr-Strep), 

Agaricus bisporus (Tyr-Ab), Burkholderia-

thailandensis (Tyr-Bt), Verrucomicrobium spi-

nosum (Tyr-Vs) and Hahella sp. (Tyr-Ha). The 

generated file from the T-coffee server was then 

displayed in a shaded box display using the Box-

shade tools in the Expasy server to visualize bet-

ter the aligned residues [27-28]. 

 

Phenol decontamination activity 

Recombinant tyrosinase of L. edodes was ob-

tained from Haslina Asis of Biotechnology Re-

search Institute, Universiti Malaysia Sabah, 

which was produced through heterologous ex-
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pression under Escherichia coli BL21(DE3). The 

purity of the protein was first examined using 

15% SDS-PAGE according to Koshkina et al. 

[29]. The phenol degradation method was pre-

pared according to [30] with slight modifications. 

Briefly, a phenol solution was prepared at a con-

centration of 0.1 mg/mL, as determined from the 

standard calibration curve. The reaction mixture 

was prepared in a 20 mM sodium phosphate 

buffer, pH 6.8, to maintain enzyme stability and 

activity. The assay was conducted at a controlled 

temperature of 25°C, and reactions were initiated 

by the addition of recombinant Tyr-Edo at vary-

ing concentrations, ranging from 0 – 2.5 U/mL. 

The reaction mixtures were incubated for a 60 

min period to allow sufficient enzymatic conver-

sion of phenol. Following incubation, the absorb-

ance of residual phenol was measured at 260 nm 

using distilled water as a blank. The concentra-

tion of phenol before and after treatment was 

quantified based on the calibration curve, and the 

percentage of phenol removal was calculated ac-

cordingly. Experiments were performed in tripli-

cate (n = 3), and data were analyzed using one-

way ANOVA followed by Tukey’s post hoc test 

[31-32]. 

 

Result and Discussions  

The pairwise sequence alignment revealed 

variable levels of amino acid similarity between 

Tyr-Edo and tyrosinases from bacterial and fun-

gal origins (Figure 1). The sequence alignment 

demonstrates notable amino acid similarities, par-

ticularly in regions surrounding the conserved 

histidine residues that coordinate the copper-

binding sites. Tyr-Edo shows higher similarity 

with the fungal tyrosinase from A. bisporus, con-

sistent with their evolutionary proximity, while 

the bacterial sequences exhibit more divergence, 

especially in the N- and C-terminal regions 

marked by insertions and deletions. Despite these 

variations, the conserved blocks of amino acids 

within the catalytic domains highlight a strong 

evolutionary constraint to maintain enzymatic 

function across diverse taxa. Further, Tyr-Edo 

exhibited the highest sequence identity with A. 

bisporus tyrosinase (Tyr-Ab; 40.83%), suggest-

ing that despite being derived from a distinct 

source, Tyr-Edo may share partial structural or 

functional motifs with fungal tyrosinases. In con-

trast, the similarity with V. spinosum (Tyr-Vs; 

18.75%), B. thailandensis (Tyr-Bt; 24.47%), and 

Hahella sp. (Tyr-Ha; 20.55%) was relatively low, 

reflecting a distant evolutionary relationship and 

potential divergence in catalytic or regulatory 

domains. Among bacterial tyrosinases, Tyr-Edo 

showed modest conservation with S. castane-

oglobisporus (Tyr-Strep; 20.91%) and B. mega-

terium (Tyr-Bm; 21.48%). In contrast, Tyr-Bm 

and P. megaterium (Tyr-Pm) displayed excep-

tionally high sequence identity (95.85%), con-

sistent with their taxonomic proximity, and both 

exhibited stronger similarity with Tyr-Strep 

(41.94–42.86%) than with Tyr-Edo. This high-

lights the evolutionary clustering of Bacil-

lus/Priestia tyrosinases, while Tyr-Edo appears 

to be positioned more distantly. 

These observations are consistent with the 

representative selection of tyrosinases employed 

in this study, which, although not exhaustive, 

encompasses key phylogenetic diversity across 

both fungal and bacterial lineages. Such a bal-

anced dataset provides a robust framework for 

comparative analysis, enabling the identification 

of conserved catalytic residues, particularly the 

histidine motifs involved in copper coordination, 

alongside variations in peripheral regions that 

may influence enzyme stability, regulation, or 

substrate specificity [8]. The inclusion of closely 

related fungal tyrosinases, such as A. bisporus, 

facilitates the recognition of shared structural and 

functional features, while the incorporation of 

more distantly related bacterial counterparts high-

lights lineage-specific divergence, especially in 

terminal regions and regulatory domains [33]. 

This comparative approach not only reinforces 

the existence of a conserved functional core es-

sential for tyrosinase activity but also reveals 

evolutionary adaptations that may underlie dif-

ferences in catalytic efficiency and environmental 

responsiveness. Collectively, these findings 

strengthen the positioning of Tyr-Edo within the 

broader evolutionary landscape of tyrosinases, 

suggesting that it retains fundamental catalytic 

characteristics while potentially exhibiting 

unique properties shaped by its distinct biological 

origin. 

From a functional standpoint, the relatively 

low overall sequence identity (mostly <25%) be-

tween Tyr-Edo and bacterial tyrosinases suggests 

that Tyr-Edo may represent a novel or divergent 

tyrosinase variant. Sequence divergence in tyro-

sinases often corresponds to differences in sub-

strate specificity, catalytic efficiency, and stabil-
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ity under environmental conditions [34-35]. The 

moderate similarity with fungal tyrosinase (Tyr-

Ab) could imply that Tyr-Edo retains certain con-

served copper-binding or active-site motifs char-

acteristic of the tyrosinase family, but with sub-

stantial variation in peripheral or regulatory re-

gions. Such divergence may reflect adaptation to 

a unique ecological niche, possibly influencing 

the range of phenolic substrates it can oxidize or 

its potential utility in biotechnological applica-

tions (e.g., bioremediation, biosynthesis of pig-

ments, or antioxidant compounds) [36-37]. These 

findings suggest that Tyr-Edo is structurally dis-

tinct yet evolutionarily anchored within the 

broader tyrosinase family, with functional poten-

tial that warrants further biochemical and struc-

tural characterization. 

Further, a structural homology model of Edo-

 
(a) 

 

 
(b) 

 

Figure 1. (a) Multiple sequence alignment and (b) comparison of the percent identity of amino acid sequences 

of tyrosinases from various sources. Putative active sites are indicated by asterisks (*). The sequences 

used in the analysis were tyrosinases from Lentinula edodes (Tyr-Edo), Bacillus megaterium (Tyr-

Bm), Priestia megaterium (Tyr-Pm), Streptomyces castaneoglobisporus (Tyr-Sc), Agaricus bisporus 

(Tyr-Ab), Burkholderia thailandensis (Tyr-Bt), Verrucomicrobium spinosum (Tyr-Vs), and Hahella 

sp. (Tyr-Ha). 
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Tyr was constructed using three different plat-

forms of Robetta, SWISS-MODEL, and Phyre2.  

The consideration of the use of this software is 

based on the use of different algorithms, which 

might possibly provide different structural mod-

els with different accuracy. Accordingly, the pos-

sibility of obtaining the most accurate model will 

be reliable. The models of each software were 

obtained and examined with respect to their qual-

ity parameters, as shown in Table 1. The assess-

ment parameters include side-chain geometry, 

dihedral angles, covalent geometry, QMEAN 

scores, and Ramachandran plot statistics. This 

comparative analysis highlights the strengths and 

weaknesses of each server's modeling capabili-

ties. Among the three model servers, shown in 

Table 1, the structural validation and assessment 

revealed that the model obtained from the 

SWISS-MODEL platform exhibited the highest 

QMEAN score among the other models, which 

suggests superior overall model quality. The 

QMEAN score, a composite measure of model 

quality, reflects the balance between global and 

local structural accuracy, and a higher score indi-

cates a model that more closely resembles exper-

imentally determined structures. In this regard, 

SWISS-MODEL (Model 1) demonstrated a ro-

bust performance, supported by the highest per-

centage of residues in the favored regions of the 

Ramachandran plot (95.42%), a key indicator of 

correct backbone geometry. This level of struc-

tural accuracy is further reinforced by the low 

percentage of outliers (0.98%), indicating mini-

mal structural errors. Although SWISS-MODEL 

Edo-Tyr exhibited slightly lower planar group 

accuracy (90%) compared to Robetta and Phyre2, 

this discrepancy did not significantly affect the 

overall model quality. In fact, the slightly re-

duced planar group accuracy was offset by its 

superior performance in other parameters, mak-

ing SWISS-MODEL (Edo-Tyr) a well-rounded 

tool for general protein modeling tasks. These 

results suggest that SWISS-MODEL is an opti-

mal choice for applications that require high-

quality models with minimal structural deviations 

across various quality metrics, particularly when 

a balance between different parameters is desired. 

Figure 2a presents the 3D structure of Tyr-

Edo, modeled using SWISS-MODEL and visual-

ized with PyMOL. The structure is predominant-

ly composed of helical elements, as depicted in 

Figure 2a. A total of 11 helices (α1–α11) were 

identified, with the longest helix (α3) extending 

from Leu94 to Tyr120. In contrast, two helices, 

α9 and α10, are relatively short, spanning 

Gln273–Ser275 and Ala280–Phe282, respective-

ly. The remaining helices are of moderate length, 

including α1 (Ile25–Tyr46), α2 (Phe57–His64), 

α4 (Arg125–Asn134), α5 (Pro150–Val152), α6 

(Val211–Arg236), α7 (Trp239–Ser243), α8 

(Leu258–Val267), and α11 (Ile285–Leu303). 

Additionally, a beta-hairpin motif was observed, 

comprising segments Glu157–Asn162 (β1) and 

Gly165–Pro171 (β1). Similar dominance of heli-

cal structures has been reported in other tyrosi-

nases [38-40]. While the functional role of the 

beta-hairpin motif in tyrosinase has not been ex-

tensively detailed, [41] suggested that such struc-

tural motifs often contribute to overall structural 

stability and are involved in various biological 

functions, including protein-protein interactions. 

A model structure notably revealed the pres-

Table 1. Homology Structure Assessment and Validation of Tyr-Edo 

Homology Assessment Parameters 

Platform Model 

Robetta 
Swiss Model 

(model 1) 

Swiss Model 

(model 2) 
Phyre2 

Chi1–chi2ᵃ 1 2 6 1 

Side-chainᵃ 5 5 5 5 

Cis-Peptidesᵃ 3 3 2 3 

Dihedralsᵃ 0.2 -0.13 -0.44 -0.04 

Covalentᵃ 0.38 -0.01 -0.5 -0.23 

Overallᵃ 0.28 -0.06 -0.35 0.23 

Planar Groups Within Limit (%)ᵃ 90 90 84.7 100 

QMEANᵇ 0.72 ± 0.05 0.76 ± 0.05 0.46 ± 0.05 0.68 ± 0.05 

Ramachandran Favoured Region (%)ᵇ 95.13 95.42 92.09 88.20 

Ramachandran Outlier Region (%)ᵇ 1.30 0.98 1.38 3.61 

Ramachandran Allowed Region (%)ᶜ 5.18 2.94 6.55 9.20 

ᵃ Procheck; ᵇ SWISS-MODEL Structure Assessment; ᶜ Zlab Ramachandran Plot Server 
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ence of a single Cu²⁺ ion (Figure 2b), a character-

istic feature of this enzyme essential for its acti-

vation [42]. As illustrated in Figure 2, the ion is 

closely associated with seven histidine (His) resi-

dues—His64, His90, His99, His261, His165, 

His289, and His290—potentially facilitating 

electrostatic interactions. According to Noh et al. 

[43] histidine residues play a crucial role in coor-

dinating Cu²⁺ ions in tyrosinases across various 

organisms. Interestingly, the number of histidine 

residues involved in Cu²⁺ coordination varies 

among tyrosinases. For instance, Decker et al. 

[44] reported six histidine residues coordinating 

the Cu²⁺ ion in CuA and CuB sites, whereas Noh 

et al. [43] identified seven histidine residues at 

the catalytic site of human tyrosinase. Notably, 

while His289 appears to be within contact dis-

tance of the Cu²⁺ ion, its orientation may not fa-

vor direct interaction. This raises questions about 

the role of His289 in anchoring the Cu²⁺ ion, war-

ranting further investigation to clarify its precise 

function in the coordination process. 

Furthermore, superimposition with the well-

studied tyrosinase from B. megaterium (Bm-Tyr) 

revealed moderate structural similarity between 

the two proteins, with an R.M.S.D of 1.38 Å 

(Figure 2c). Interestingly, sequence alignment, 

shown in Figure 2b, indicated that His265 in 

 
(a) 

 

 

(b) (c) 

Figure 2. Structural features of Tyr-Edo. (a) Predicted 3D structure showing 11 α-helices and a β-hairpin motif. 

(b) Active site with a Cu²⁺ ion coordinated by seven histidine residues. (c) Superimposition with Ba-

cillus megaterium tyrosinase (Bm-Tyr) shows moderate similarity (R.M.S.D 1.38 Å) and conservation 

of His265 as a catalytic residue. 
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Edo-Tyr is predicted to serve as an active site 

residue, as it is highly conserved and corresponds 

to His208 of Bm-Tyr, a known active site residue 

[10]. As shown in Figure 1b, His265 is also in-

volved in interactions with the Cu²⁺ ion, aligning 

well with findings by Oyama et al. [39], which 

confirmed that Cu²⁺ is located within the active 

sites of tyrosinases. 

Molecular docking simulations with L-DOPA 

demonstrated that Edo-Tyr establishes multiple 

stabilizing interactions with the substrate, most 

notably through hydrogen bonding with His64, 

His265, and Asp262 (Figure 3). These residues 

are highly conserved in tyrosinases across both 

fungal and bacterial lineages and are crucial for 

coordinating the dicopper active center. The posi-

tioning of His265 near the O1 hydroxyl group of 

L-DOPA closely resembles the interaction re-

ported for His208 in B. megaterium tyrosinase 

(Bm-Tyr), where it stabilizes the phenolic oxygen 

during catalytic turnover [10, 45-46]. This struc-

tural similarity suggests that Edo-Tyr follows a 

mechanistic pathway analogous to Bm-Tyr, 

where oxidation occurs through the dual hydrox-

ylation of L-DOPA at the active site. However, 

subtle yet significant differences between Edo-

Tyr and Bm-Tyr are evident. While Phe261 in 

Bm-Tyr has been shown to sterically obstruct 

tyrosine rotation, thereby restricting the orienta-

tion of the aromatic ring and limiting access for 

hydroxylation [46], such steric hindrance is ab-

sent in Edo-Tyr, as no equivalent Phe residue 

appears in its active pocket. This structural dif-

ference implies that Edo-Tyr may allow greater 

conformational freedom of L-DOPA, making 

tyrosine rotation feasible. Such flexibility could 

facilitate an electrophilic attack mechanism as 

proposed by Sani and Malek [37], enabling more 

efficient hydroxylation of the phenolic substrate. 

This highlights an important evolutionary distinc-

tion between bacterial and fungal tyrosinases: 

while both conserve critical catalytic residues, 

fungal tyrosinases like Edo-Tyr may possess a 

more permissive active site architecture, allowing 

mechanistic flexibility. 

Furthermore, the mode of substrate stabiliza-

tion also differs. In Bm-Tyr, His208 engages in 

π–π stacking interactions with the benzene ring of 

L-DOPA, contributing to aromatic stabilization 

[46]. By contrast, in Edo-Tyr, His265 forms elec-

trostatic hydrogen bonding interactions with the 

hydroxyl group of L-DOPA, indicating a shift 

from aromatic stacking to polar stabilization. 

This difference may alter the fine-tuning of sub-

strate affinity and turnover rate between bacterial 

and fungal enzymes. In addition to these catalytic 

histidines, His90 and Pro277 contribute signifi-

cantly to substrate stabilization through π–π T-

shaped interactions and π–alkyl contacts, respec-

tively. These interactions anchor the aromatic 

ring within the hydrophobic pocket, enhancing 

binding affinity and positioning the substrate for 

catalysis. The contribution of Asp262 through 

hydrogen bonding further supports substrate ori-

entation, possibly acting as a proton acceptor dur-

ing the hydroxylation process. Taken together, 

these results suggest that the catalytic mechanism 

of Edo-Tyr integrates both conserved and unique 

 
Figure 3. Molecular docking and interaction mapping of Edo-Tyr and L-DOPA substrates with the target 

enzyme. (Left) The overall 3D structure of the enzyme showing the binding site (highlighted region). 

(Middle) Docking pose of L-DOPA within the active site, interacting with His-255 residue. (Right) 

2D interaction map of Edo-Tyr showing hydrogen bonds (green), carbon-hydrogen bonds (light 

green), π–π T-shaped interactions (pink), and π–alkyl interactions (magenta) with key amino acid res-

idues 
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features. Conserved interactions with His64, 

His265, and Asp262 ensure functional continuity 

with bacterial tyrosinases, while the absence of 

steric obstruction from a Phe residue and the al-

tered role of His265 provide Edo-Tyr with en-

hanced flexibility for substrate orientation and 

hydroxylation. This dual characteristic supports 

the theory of divergent evolution with functional 

conservation, where the catalytic core remains 

preserved across kingdoms, but variations in pe-

ripheral residues modulate efficiency, flexibility, 

and substrate specificity. 

From a theoretical perspective, this observa-

tion aligns with the induced-fit model of enzyme 

catalysis, where the enzyme active site adapts to 

the conformational dynamics of the substrate, 

allowing mechanistic flexibility in fungal en-

zymes. Moreover, the structural divergence be-

tween Edo-Tyr and Bm-Tyr provides an example 

of functional convergence, as both enzymes cata-

lyze the same reaction but employ slightly differ-

ent molecular strategies for substrate stabilization 

and catalysis. These insights also imply potential 

biotechnological applications: the more flexible 

active site of Edo-Tyr could make it a better can-

didate for phenolic oxidation in biocatalysis, 

compared to more rigid bacterial counterparts. 

Notably, the application of molecular docking 

to investigate interactions between tyrosinase and 

phenolic or phenol-like compounds has been 

widely reported [47-50]. A substantial number of 

these studies specifically focus on docking anal-

yses of tyrosinase with L-DOPA, a well-

established substrate and intermediate in melanin 

biosynthesis. Such approaches have provided 

valuable insights into substrate binding orienta-

tion, key interacting residues, and the coordina-

tion of copper ions within the active site. These 

in silico investigations are highly relevant to both 

biomedical and environmental applications. In 

the context of melanogenesis, docking studies 

with L-DOPA and related compounds contribute 

to understanding the catalytic mechanism of tyro-

sinase and its role in melanin formation, thereby 

supporting the development of inhibitors or mod-

ulators for cosmetic and dermatological applica-

tions. Conversely, from an environmental per-

spective, the structural similarity between L-

DOPA and various phenolic pollutants allows 

docking studies to serve as predictive tools for 

assessing the enzyme’s potential in phenol deg-

radation and bioremediation. Despite these ad-

vances, most existing studies rely on tyrosinase 

structures from limited sources, and comprehen-

sive analyses involving mushroom-derived tyro-

sinase, particularly from L. edodes, remain 

scarce. Therefore, integrating molecular docking 

with structural modeling and experimental vali-

dation is essential to better elucidate substrate 

specificity, catalytic efficiency, and application 

potential of Edo-Tyr in both melanogenesis-

related studies and phenol decontamination pro-

 
(a) 

 
(b) 

 

Figure 4. Functional characterization of Edo-Tyr. (A) SDS-PAGE analysis of purified recombinant Edo-Tyr 

(~95 kDa, including GST tag, indicated by arrow). (B) Phenol degradation assay showing dose-

dependent phenol removal. Different letters adjacent to the circles represent statistically significant 

differences at p < 0.05. 
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cesses. 

Although computational predictions indicate 

that Edo-Tyr is catalytically active, its functional 

properties have yet to be experimentally con-

firmed. To investigate this, purified recombinant 

Edo-Tyr was employed in a phenol degradation 

assay. As shown in Figure 4a, the SDS-PAGE 

analysis of Edo-Tyr reveals a high level of purity 

(>90%), indicating its suitability for the assay. 

The expected molecular weight of Edo-Tyr is 

approximately 67 kDa, but it migrates at an ap-

parent size of over 90 kDa on SDS-PAGE. This 

discrepancy is attributed to the addition of a glu-

tathione S-transferase (GST) tag, which contrib-

utes an additional 26 kDa to the protein's N-

terminal. Consequently, the total molecular 

weight of Edo-Tyr with the GST tag is approxi-

mately 93 kDa, consistent with the observed size 

in the SDS-PAGE analysis. Figure 4b illustrates 

the effect of various tyrosinase concentrations on 

phenol degradation. The data indicate that tyrosi-

nase reduces phenol concentration in a dose-

dependent manner, with significant reduction 

observed at concentrations above 0.1 U/μL. At 

tyrosinase concentrations of 0.3 U/μL, approxi-

mately 48% of the phenol was removed, leaving 

52% of phenol remaining. In this study, 100% 

phenol corresponds to a concentration of 0.1 

mg/mL (see Method section). Therefore, the re-

moval of 48% of phenol corresponds to a reduc-

tion of 0.048 mg/mL of phenol. This indicates 

that for each unit of tyrosinase (0.3 U/μL), the 

enzyme removes approximately 0.0144 mg/mL 

of phenol. The IC50 value for phenol removal by 

tyrosinase was calculated to be 0.36 ± 0.06 U/μL, 

meaning that 0.36 U/μL of tyrosinase is required 

to reduce phenol concentration by 0.05 mg/mL 

from the initial 0.1 mg/mL. The phenol-

degrading ability of Edo-Tyr in aqueous solutions 

has also been previously reported by Wu et al. 

[51], with several studies demonstrating its use in 

the enzymatic removal of phenol from 

wastewater. It is important to note that phenol 

degradation by Edo-Tyr may vary depending on 

the initial phenol concentration, a finding sup-

ported by Bevilaqua et al. [52], who noted that 

higher phenol concentrations can regulate the 

removal efficiency of tyrosinase. Earlier studies, 

such as Wu et al. [51], also observed a decline in 

tyrosinase activity as phenol concentration in-

creased. Notably, the experiment employed bo-

vine serum albumin (BSA) as a negative control, 

which showed no effect on phenol concentration. 

The use of BSA as a negative control in enzyme 

assays is well established, as this protein lacks 

enzymatic activity, as reported in [53–54]. Fur-

thermore, Ilesanmi et al. [55] also confirmed that 

BSA exhibits no tyrosinase activity. These results 

therefore validate that Edo-Tyr possesses intrin-

sic activity in reducing phenol levels in the solu-

tion. 

While it has been confirmed that the mush-

room tyrosinase employed in this study effective-

ly reduced phenol concentrations in the solution, 

it is imperative to note that the experimental con-

ditions did not involve real wastewater. Instead, 

an artificial phenol solution was utilized, pre-

pared using Milli-Q water. Consequently, the 

enzyme's ability to degrade phenol from actual 

wastewater, such as palm oil mill effluent 

(POME), remains subject to further verification. 

Moreover, employing tyrosinase for phenolic 

degradation often necessitates additional treat-

ments to ensure enzyme stability. The present 

study utilized free enzyme without immobiliza-

tion or encapsulation using any additional mate-

rials, exposing it to potential risks associated with 

degradation by external factors, including tem-

perature fluctuations, pH variations, or exposure 

to other chemical substances. Previous research 

has demonstrated that immobilized tyrosinase 

exhibited over 70% degradation efficiency when 

exposed to an initial phenol concentration of 250 

mg/L [56]. Notably, the phenol removal ability of 

the mushroom tyrosinase in the current study was 

below 50%, possibly attributable to the enzyme's 

instability during the process. Further research 

involving immobilization is evidently warranted 

to enhance the phenol degradation activity of 

mushroom tyrosinase. However, it is noteworthy 

that the activity of the current mushroom tyrosi-

nase in degrading phenolic compounds is compa-

rable to that reported by Wu et al. [51] who 

achieved approximately 48% degradation. Intri-

guingly, Wu et al. [51] employed sodium alginate 

for tyrosinase immobilization, while no immobi-

lization was employed in the current study. This 

implies that the present mushroom tyrosinase 

exhibited superior performance compared to the 

immobilized tyrosinase reported by Wu et al. 

[51]. Nevertheless, the imperative to enhance the 

phenolic degradation activity of mushroom tyro-

sinase warrants further investigation. 
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Conclusion 

The current study reveals the unique structur-

al properties of Edo-Tyr, characterized by a pre-

dominance of helical structures and canonical 

histidine (His) residues serving as active sites. A 

Cu²⁺ ion was observed in the structure, apparent-

ly coordinated by seven His residues. Molecular 

docking analysis further suggests that the catalyt-

ic mechanism of Edo-Tyr involves tyrosinase 

rotation, stabilization through π-π or π-alkyl in-

teractions by His residues, followed by an elec-

trostatic attack on the hydroxyl group of the L-

DOPA substrate. Additionally, the study con-

firms that Edo-Tyr can degrade phenol in solu-

tion in a concentration-dependent manner. These 

findings highlight the potential applications of 

recombinant Edo-Tyr in bioremediation, particu-

larly for the removal of phenolic contaminants 

from wastewater. 
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