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A B S T R A C T   

Polyethylene (PE) is one of the most highly consumed petroleum-based polymers and its accumulation as waste 
causes environmental pollution. In this sense, the use of microorganisms and their enzymes represents the most 
ecofriendly and effective decontamination approach. In this work, molecular docking simulation for catalytic 
enzyme degradation of PE was carried out using individual enzymes: laccase (Lac), manganese peroxidase (MnP), 
lignin peroxidase (LiP) and unspecific peroxygenase (UnP). PE-binding energy, PE-binding affinity and di-
mensions of PE-binding sites in the enzyme cavity were calculated in each case. Four hypothetical PE biodeg-
radation pathways were proposed using individual enzymes, and one pathway was proposed using a synergic 
enzyme combination. These results show that in nature, enzymes act in a synergic manner, using their specific 
features to undertake an extraordinarily effective sequential catalytic process for organopollutants degradation. 
In this process, Lac (oxidase) is crucial to provide hydrogen peroxide to the medium to ensure pollutant 
breakdown. UnP is a versatile enzyme that offers a promising practical application for the degradation of PE and 
other pollutants due to its cavity features. This is the first in silico report of PE enzymatic degradation, showing 
the mode of interaction of PE with enzymes as well as the degradation mechanism.   

1. Introduction 

Plastic products are very useful for society since they bring comfort 
and convenience at low cost to our daily lives. However, the growing 
amount of plastic waste is a global concern because it causes environ-
mental pollution. Plastic pollution is spread throughout the world’s 
oceans by prevailing winds and surface currents, with some of it ending 
up in the digestive system of marine animals, which finally affects 
human health (Quero and Luna, 2017). It has been estimated that almost 
6.4 million tons of waste is introduced into marine environments 
annually (Agamuthu, 2018). In terms of the global composition of ma-
rine litter, plastics account for 62.31%. Plastics also contribute 49% of 
the litter composition in the seafloor and 81% on the sea surface (Lit-
terbase; https://litterbase.awi.de/). In addition, contamination of soils 
with small plastic particles causes visual derogation of the landscape and 

the release of greenhouse gases and hazardous chemicals (de 
Souza-Machado et al., 2018). It has been reported the negative impact of 
plastic pollution in soil invertebrates. In particular, polyethylene 
microplastics had adverse effects on the gut microbial community, 
reproduction and behaviors of the soil springtail, Folsomia candida (Ju 
et al., 2019; Selonen et al., 2020; Helmberger et al. 2020). Polyethylene 
(PE) is the most common produced thermoplastic and constitutes the 
majority of plastic waste within municipal solid waste (Pathak and 
Navneet, 2017; Sánchez, 2020). 

PE is a polymer of ethylene and represents several different polymers 
having similar chemical structure, but different properties, which arise 
from subtle differences in molecular architecture. For example, linear PE 
has high symmetry and it is commonly known as high-density poly-
ethylene (HDPE). Low-density polyethylene (LDPE) contains long and 
short irregular branches and it is widely used in plastic bags as its low 

Abbreviation: PE, Polyethylene; Lac, laccase; MnP, Manganese peroxidase; LiP, Lignin peroxidase; UnP, Unspecific peroxygenase; Cut, Cutinase; PDB, Protein Data 
Bank; Ked, Dissociation constant. 
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density makes it light and flexible. HDPE, on the other hand, is harder 
and offers higher strength and better resistance to heat. HDPE refers to a 
material with a molecular weight of 100–250,000 Daltons whereas 
LDPE has a molecular weight of about 40,000 Daltons (Kurtz and 
Manley, 2009). 

It is crucial to develop environmentally friendly tools for decon-
tamination of the environment. In this sense, fungi possess machinery 
involving unspecific enzymes that catalyze a diversity of reactions, 
which makes them highly effective for the degradation of environmental 
pollutants (Sánchez, 2020). Several studies have demonstrated fungal 

Table 1 
Current research on degradation of polyethylene by fungi.  

Organism Origin of the strain PE used in the 
study 

Type 
of 
study 

Findings Reference 

Aspergillus flavus Guts of wax moth Galleria 
mellonella 

HDPE-microplastic 
particles (HDPE- 
MPP) 

In vitro HDPE-MPP was degraded into MPP with a 
lower molecular weight after 28 d. Two 
laccase-like multicopper oxidases genes, 
displayed up-regulated expression during the 
biodegradation process. 

Zhang et al. (2020) 

Cephalosporium sp National Collection of 
Industrial Microorganism 
strain NCIM 1251(Pune, 
India). 

HDPE films (nitric 
acid-pretreated) 

In vitro Gravimetric analysis showed a decrease in 
weight of HDPE by 7.18% after 20 days of 
incubation period. 

Chaudhary and 
Vijayakumar (2020) 

Aspergillus terreus, Aspergillus sydowii Rhizosphere soil of 
Avicennia marina 

PE In vitro Fungal strains were efficient in PE 
degradation after 60 d of growth. 

Sangale et al. (2019) 

Trichoderma viride, Aspergillus nomius Landfill soil. LDPE films In vitro T. viride and A. nomius reduced weight of 
LDPE film after 45 d of growth. 

Munir et al. (2018) 

Aspergillus oryzae Dandora dumpsite 
(Kenya) 

LDPE sheets In vitro LDPE sheets showed a weight reduction after 
4 months. 

Muhonja et al. 
(2018) 

Rhizopus oryzae Not reported LDPE film 
(thermally treated) 

In vitro About 8.4% decrease (gravimetrically) in 
weight and 

Awasthi et al. (2017) 

60% reduction in tensile strength of PE was 
observed after 30 d of growth. 

Penicillium oxalicum and Penicillium 
chrysogenum 

Soil sample from a plastic 
dumping 

HDPE and LDPE 
sheets 

In vitro Morphological damages were observed on PE 
sheets after 60 d of growth. 

Ojha et al. (2017) 

Zalerion maritimum American Type Culture 
Collection strain 34329 

PE microplastics In vitro This marine fungus was able of utilizing PE 
microplastic, showing the decrease in both, 
size and mass of the pellets after 28 
d (requiring minimum nutrients). 

Paço et al. (2017) 

Aspergillus niger Municipal solid waste LDPE sheets In vitro A. niger had the greatest biodegradation 
efficiency of LDPE after 90 d culture. 

Raghavendra et al. 
2016) 

Aspergillus niger, Aspergillus flavus Garbage soil LDPE granules In vitro Reduction of 26% (with A. niger) and 16% 
(with A. flavus) in molecular weight for a 
period of 6 months. 

Deepika and Jaya 
(2015) 

Aspergillus caespitosus, Phialophora alba, 
Paecilomyces variotii, Aspergillus terreus, 
Alternaria alternate, Eupenicillium 
hirayamae 

Mangrove of Red Sea coast LDPE film In vitro Strains were able to growth on LDPE. 
Enzymatic activity (Laccase, MnP and LiP) 
were detected after 4 weeks. Their 
consortium had the highest enzymatic 
activity (MnP showed the greatest activity). 

Ameen et al. (2015) 

Trichoderma harzianum Soil sample of dumpsites PE (autoclaved, 
UV-treated, and 
surface-sterilized) 

In vitro T. harzianum was able to degrade UV-treated 
PE 

Sowmya et al. (2014) 

(40%) more efficiently than autoclaved 
(23%) and surface-sterilized PE (13%) after 3 
months. Enzymes responsible for PE were 
identified as laccase and manganese 
peroxidase. 

Fusarium sp., Penicillium sp., Aspergillus 
niger, Aspergillus japonicus and Aspergillus 
flavus, Mucor sp. 

Polyethylene polluted 
sites 

LDPE sheets In vitro A. japonicas, Fusarium sp. and A. flavus 
degraded 36%, 32% and 30%, respectively, 
the rest of the strains degraded around 20% 
in terms of weight loss (after 4 weeks). 

Singh and Gupta 
(2014) 

Aspergillus sp., Fusarium sp. Soil buried LDPE films LDPE films In vitro Decrease in weight of LDPE films was 
observed over a period of 60 d. 

Das and Kumar 
(2014) 

Aspergillus terreus Plastic waste dump yard HDPE (UV- 
pretreated) 

In vitro The strain was found efficient in degrading 
HDPE by weight loss after 30 d. 

Balasubramanian 
et al. (2014) 

Aspergillus niger (a mixed culture with 
Lysinibacillus xylanilyticus) 

Landfill soils LDPE films In vitro The percentages of biodegradation were 29% 
and 16% for the UV-irradiated and non-UV- 
irradiated LDPE films, respectively, after 126 
d. 

Esmaeili et al. (2013) 

Mucor hiemalis, Aspergillus versicolor, 
Aspergillus niger, Aspergillus flavus, 
Penicillium sp., Chaetomium globosum, 
Fusarium oxysporum, Fusarium solani, 
Phoma spp., Chrysonilia setophila 

Plastic buried in soil PE (plastic sheets) In vitro The strain A. flavus, F. oxysporum and Phoma 
spp., were able to breakdown efficiently PE 
after 2 months. 

Sakhalkar and 
Mishra (2013) 

Aspergillus versicolor, Aspergillus sp. Sea water LDPE film In vitro LDPE was degraded into CO2. A. versicolor 
and Aspergillus sp evolved around 4 and 3.8 
g/l of CO2, respectively in a week. 

Sindujaa et al. 
(2011) 

Aspergillus fumigatus, Aspergillus terreus, 
Fusarium solani 

Aerobic aged municipal 
landfill 

LDPE (25 days 
under UV- 
irradiation) 

In vitro A. terreus and A. fumigatus could utilize LDPE 
as carbon source after 100 d (SEM and FTIR 
spectroscopy were used). 

Zahra et al. (2010)  
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degradation of PE, however, very little is known about the enzymes 
involved in the PE degradation process (Table 1). It is recognized that 
both enzymatic and abiotic factors (e.g., UV light) can mediate the 
initial oxidation of PE chains, and it has been suggested that the meta-
bolic pathways for degradation of hydrocarbons can be utilized once the 
size of PE molecules decrease to an adequate dimension for enzyme 
action (typically from 10 to 50 carbons) (Restrepo-Flórez et al., 2014). In 
addition, fungi are capable of producing hydrophobins for adhesion of 
hyphae to plastic surfaces (e.g., PE) (Sánchez, 2020). Hydrophobins are 
crucial surface proteins for the bioremediation process due to their role 
as biosurfactants, which improve substrate bioavailability. These pro-
teins can be divided on the basis of their solubility into Class I, which is 
highly insoluble in aqueous solutions, and Class II, which is soluble in 
aqueous dilutions of organic solvents (Wu et al. 2017). Several studies 
have reported fungal capability for PE degradation, in which enzymes 
such as peroxidases and oxidases have been involved (Ojha et al., 2017; 
Munir et al., 2018; Muhonja et al., 2018; Sangale et al., 2019; Sánchez 
et al., 2020). Structurally, enzymes are proteins that contain an active 
site to which substrate binds and where the chemical reaction catalyzed 
by the enzyme occurs (Demain and Sánchez, 2017). It has been reported 
that the use of molecular docking to study ligand enzyme interactions is 
crucial to understand the enzyme catalytic mechanisms of organo-
pollulants and their application in environmental remediation (Librando 
and Pappalardo, 2013; Sridhar and Chandra, 2014; Fecker et al., 2018; 
Liu et al., 2018a, 2018b; do Canto et al., 2019; Li et al., 2019; Srinivasan 
and Sadasivam, 2018; Srinivasan et al., 2019; Zígolo et al., 2020). Mo-
lecular docking is a computational tool that can be used to model the 
interaction between an enzyme and an organopollutant at the atomic 
level, which allows us to characterize the behavior of the substrate in the 
binding site. This process involves prediction of the substrate suscepti-
bility, conformation and position and orientation within the active site, 
allowing us to assess its binding affinity and energy affinity (Teng et al., 
2011; Singh et al., 2017; Liu et al., 2018a, 2018b; Shao et al., 2019; 
Wang et al., 2020; Mishra et al., 2021). 

In the present work, molecular docking simulation for catalytic 
enzyme degradation of PE was carried out using individual extracellular 
enzymes: laccase (Lac), manganese peroxidase (MnP), lignin peroxidase 
(LiP), unspecific peroxygenase (UnP) or cutinase (Cut; as enzyme 
negative control). The PE-binding energy, PE-binding affinity and di-
mensions of the PE-binding site in the cavity of the enzyme were 
calculated for each case. Four hypothetical PE biodegradation pathways 
were proposed using individual enzymes (Lac, MnP, LiP or UnP), and 
one pathway was proposed using a synergic enzyme (MnP, Lac, LiP and 
UnP) combination. This is the first in silico report of PE enzymatic 
degradation, showing the mode of interaction of PE with enzymes as 
well as the degradation mechanism (Table 1). 

2. Materials and methods 

2.1. Enzymes used in the study 

The 3D structures of the five enzymes used in the molecular docking 
simulation were obtained from the Protein Data Bank (PDB; 
https://www.rcsb.org/). These enzymes were MnP from Phanerochaete 
chrysosprium (Sundaramoorthy et al., 2010), UnP from Agrocybe aegerita 
(Piontek et al., 2013), LiP from Trametes cervine (Miki et al., 2011), Lac 
from Trametes versicolor (Bertrand et al., 2002) and Cut from Fusarium 
solani (Martinez et al., 1992), with the codes; 3M5Q, 2YOR, 3Q3U, 1KYA 
and 1CUS, respectively. The first four enzymes are classified in the 
oxydoreductase group. MnP, LiP and Lac have been reported to be 
capable of hydrolyzing PE (Ameen et al., 2015). UnP is a mono-
oxygenase that has not been studied for PE biodegradation. On the other 
hand, Cut belongs to the hydrolase group, which has not been reported 
to degrade PE. Cut is an esterase that catalyzes the cleavage of ester 
bonds (Hernández-Sánchez et al., 2019), which are not present in the PE 
structure. Cut was used as a negative control in molecular docking. 

2.2. Molecular modeling 

PE (dodecane; C12H26) having a molecular weight, area and volume 
of 170.3 Daltons, 472.4 Å2, and 206.8 Å3 , respectively, was used in this 
study. It has been reported that the enzyme action takes place once the 
size of PE molecules decrease to an acceptable range (typically from 10 
to 50 carbons (Restrepo-Flórez et al., 2014)). 

The three-dimensional structure of PE was built with the GaussView 
5.0 program and optimized with RHF/STO-3G (Hartree–Fock method), 
which is a variational wavefunction-based approach, and B3LYP/ 
6–311G (2d,2p). It is a functional and basis set giving the closest 
agreement with experimental data (Talebian and Talebian, 2014). All 
components were calculated by the GAUSSIAN 09 program (Frisch et al., 
2010). The local minimum value for PE was established, which corre-
sponds to the positive vibrational frequencies of pure polyethylene at 
room temperature (Talebian and Talebian, 2014). 

2.3. Molecular docking simulation 

Molecular simulations were carried out using the software AutoGrid 
4.2 for grid map generation and AutoDock 4.2 for pose evaluation 
(Morris et al., 2009). PE ligand was generated as described before 
(Section 2.2) and set up as a flexible molecule for docking with the 
Gasteiger partial charges calculation method (Gasteiger and Marsili, 
1980), which allows the software to make torsions between rotatable 
bonds (any single nonring bond, bounded to nonterminal heavy atoms) 
(Veber et al., 2002), so the ligand can fit the binding site in an approach 
closer to what occurs in nature. Atom-type torsions and conversion into 
appropriate input files were prepared for further use in docking. Fungal 
enzymes retrieved from PDB were ionized at pH 7.4, set up as rigid 
structures and prepared as ligands for docking; nonpolar hydrogens 
were merged. The grid center dimensions were 100 grid points in the X, 
Y and Z coordinates with 0.2 Å spacing for all of the studied enzymes. 
Blind docking grid boxes were located around the heme group for MnP, 
UnP and LnP; surrounding the coordinated bonds with the copper ion for 
Lac; and covering amino acids Ser120, His188 and Asp175 for Cut. The 
PE ligand was subjected to 100 independent Lamarckian genetic algo-
rithm runs (Morris et al., 1998) of docking search simulations, and the 
maximum number of energy evaluations was set to 25,000,000. Cav-
ities, docked structure visualization and hydrophobic surfaces were 
performed on the UCSF Chimera 1.11.2 package (San Francisco, Cali-
fornia, USA) (Pettersen et al., 2004). Detection of cavities and mea-
surement of surfaces (area and volume) were carried out on an 
automated platform, Computed Atlas of Surface Topography of proteins 
(CASTp) (Tian et al., 2018). 

2.4. PE-binding energy and PE-binding affinity calculation 

PE-binding energy and PE-binding affinity values were generated by 
Autodock and were estimated using the Lamarckian genetic algorithm 
(Morris et al., 1998). The ligand-binding energy corresponds to the en-
ergy required to form the enzyme-ligand complex, and the lowest values 
are considered to be the best binding conformations (Yadav et al., 2017; 
Aamir et al., 2018). The binding affinity refers to the strength of the 
binding interaction between the enzyme and its ligand (Kastritis and 
Bonvin, 2013; Zago et al., 2016). 

2.5. Enzyme-catalyzed PE mechanisms of degradation pathway proposal 

Two-dimensional structures of the compounds were drawn using 
ChemDraw Professional 17.1 software (CambridgeSoft Corporation, 
USA; www.cambridgesoft.com). Five hypothetical pathways for the 
enzymatic degradation of PE were proposed. Four of them were pro-
posed using individual enzymes (Lac, MnP, LiP or UnP), and one of them 
was proposed using a synergic association of three enzymes (Lac, MnP 
and LiP). 
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3. Results and discussion 

3.1. PE-enzyme complex analysis by molecular docking 

In the present work, analysis of the individual interactions between 
MnP, LiP, Lac, UnP or Cut (as a negative control) and the ligand PE was 
carried out by computational molecular simulations to determine via 
optimization of molecular geometries and molecular docking the affinity 
that these fungal enzymes would have for accepting PE within their 
catalytic sites. Figs. 1–5 show the enzyme cavities previously (a) and 
after docking simulation (b). The docked structure of the PE-enzyme 
complex (c) reflects the location where docking simulation took place, 
showing the surrounding amino acid residues involved in the best PE 
pose (d). 

Table 2 shows that the binding energy scores were − 6.09, − 6.0, 
− 5.69 and − 5.57 Kcal/mol for PE docked to UnP, Lac, LiP and MnP, 
respectively. These scores showed that the best binding conformations 
corresponded to the UnP-PE complex (Fig. 1), followed by the Lac-PE 
complex (Fig. 2), LiP-PE complex (Fig. 3) and MnP-PE complex 
(Fig. 4). Cut had the least negative (least favorable) enzyme-PE score 
(− 3.07 Kcal/mol) of all enzymes tested. In fact, PE is not bound to the 
Cut active site (Fig. 5). These results are in accordance with experi-
mental observations (Ameen et al., 2015). Ameen et al. (2015) reported 
that MnP, LiP and Lac are fungal enzymes involved in PE degradation. 
Although UnP has not been studied for PE biodegradation, it is a po-
tential degrader of several hazardous pollutants (Karich et al., 2017, 
Sánchez, 2020). On the other hand, Cut is not able to degrade PE. 

The binding energy scores obtained in the present research are 
similar to those scores reported previously as efficient values for anal-
ogous studies on organopollulant degradation by molecular docking 
simulation (do Canto et al., 2019; Singh et al., 2017). do Canto et al. 
(2019) reported favorable interactions between polyurethane (PU)-de-
grading enzymes and PU as ligand, showing binding energy values be-
tween − 5.5 Kcal/mol and − 7.7 Kcal/mol. Furthermore, Singh et al. 

(2017) reported that a hydrolase capable of degrading phthalates was 
most efficiently docked to monoethyl phthalate (MEP), showing binding 
energy scores of − 6.31, − 5.86, − 5.01 and − 4.4 Kcal/mol for MEP, 
mono butyl phthalate, mono hexyl phthalate and mono ethyl hexyl 
phthalate, respectively. 

On the other hand, the binding affinity is the strength of the binding 
interaction between the enzyme and its ligand. It is usually measured 
and reported by the dissociation constant (Ked), which is used to eval-
uate and rank order strengths of bimolecular interactions (Kastritis and 
Bonvin, 2013; Zago et al., 2016). In this sense, the larger the Ked, the 
more weakly the enzyme and ligand are attracted to and bind each 
other. Therefore, a small Ked value shows a great binding affinity of the 
ligand (e.g., PE) for the enzyme. In this study, the binding affinity was 
evaluated by molecular docking. PE-binding affinity was 34.34, 40.11, 
66.93, 82.16 and 5590 μM for UnP, Lac, LiP, MnP and Cut, respectively 
(Table 2). PE showed the lowest and highest binding affinity values 
when it was bound to UnP and Cut, respectively. This shows that PE has 
a great binding affinity for UnP, whereas PE is weakly attracted to Cut. 
In fact, PE is not bound to the Cut catalytic cavity (Fig. 5). These results 
illustrate the strength of the binding interaction of PE to the enzyme in 
the following manner: UnP > Lac > LiP > MnP > Cut. 

As shown in Table 2, the greatest area (659.920 Å2) and volume 
(367.243 Å3) of the enzyme catalytic cavity (pocket) were exhibited by 
UnP followed by LiP, MnP, Lac and Cut. UnP showed the largest enzyme 
cavity, whereas Cut had the smallest enzyme cavity. These results show 
that UnP had the most ligandable cavity due to its large volume, high 
area and high hydrophobicity, which are features of a more ligandable 
pocket (Volkamer et al., 2010, 2012; Isvoran, 2015). UnP had several 
phenylalanine residues (hydrophobic amino acids) in its cavity, which 
would facilitate PE binding to the active site where catalysis occurs. 
Previous studies on molecular docking analysis for PU degradation using 
polyurethanases (known to degrade PU) showed that monomers of PU 
had favorable interactions with the modeled enzymes (poly-
urethanases), showing a cavity area between 512.15 and 2553.82 Å2 

Fig. 1. In silico molecular docking analysis of 
the binding capacity of PE with UnP. UnP cavity 
(a), representation of the PE-UnP complex hy-
drophobic surface, PE on magenta (software 
UCSF Chimera) (b), docked PE-UnP structure, 
PE on magenta and UnP depicted on secondary 
structure with rainbow colors from n-terminus 
in blue to c-terminus in red (software UCSF 
Chimera) (c), and binding site showing PE in 
magenta and surrounding amino acid residues 
on colors by heteroatom (software Auto-
dockTools) (d).(For interpretation of the refer-
ences to colour in this figure legend, the reader 
is referred to the web version of this article.)   
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Fig. 2. In silico molecular docking analysis of 
the binding capacity of PE with Lac. Lac cavity 
(a), representation of the PE-Lac complex hy-
drophobic surface, PE on magenta (software 
UCSF Chimera) (b), docked PE-Lac structure, 
PE on magenta and Lac depicted on secondary 
structure with rainbow colors from n-terminus 
in blue to c-terminus in red (software UCSF 
Chimera) (c), and binding site showing PE in 
magenta and surrounding amino acid residues 
on colors by heteroatom (software Auto-
dockTools) (d).(For interpretation of the refer-
ences to colour in this figure legend, the reader 
is referred to the web version of this article.)   

Fig. 3. In silico molecular docking analysis of 
the binding capacity of PE with LiP. LiP cavity 
(a), representation of the PE-LiP complex hy-
drophobic surface, PE on magenta (software 
UCSF Chimera) (b), docked PE-LiP structure, PE 
on magenta and LiP depicted on secondary 
structure with rainbow colors from n-terminus 
in blue to c-terminus in red (software UCSF 
Chimera) (c), and binding site showing PE in 
magenta and surrounding amino acid residues 
on colors by heteroatom (software Auto-
dockTools) (d).(For interpretation of the refer-
ences to colour in this figure legend, the reader 
is referred to the web version of this article.)   
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Fig. 4. In silico molecular docking analysis of 
the binding capacity of PE with MnP. MnP 
cavity (a), representation of the PE-MnP com-
plex hydrophobic surface, PE on magenta 
(software UCSF Chimera) (b), docked PE-MnP 
structure, PE on magenta and MnP depicted 
on secondary structure with rainbow colors 
from n-terminus in blue to c-terminus in red 
(software UCSF Chimera) (c), and binding site 
showing PE in magenta and surrounding amino 
acid residues on colors by heteroatom (software 
AutodockTools) (d).(For interpretation of the 
references to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   

Fig. 5. In silico molecular docking analysis of 
the binding capacity of PE with Cut. Cut cavity 
(a), representation of the PE-Cut complex hy-
drophobic surface, PE on magenta (software 
UCSF Chimera) (b), docked PE-Cut structure, 
PE on magenta and enzyme depicted on sec-
ondary structure with rainbow colors from n- 
terminus in blue to c-terminus in red (software 
UCSF Chimera) (c), and binding site showing 
PE in magenta and surrounding amino acid 
residues on colors by heteroatom (software 
AutodockTools) (d).(For interpretation of the 
references to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   
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and a volume between 401.72 and 2106.88 Å3 (do Canto et al., 2019). 
The diverse sizes of area and volume of binding sites are important 
features in enzyme substrate selectivity. 

3.2. Enzyme-catalyzed PE degradation hypothetical pathways proposal 

A previous study found that Lac, MnP, and LiP were produced 
extracellularly by several fungal isolates that were capable of breaking 
down and consuming PE (Ameen et al., 2015). These enzymes catalyze 
several reactions to degrade their substrates. Laccases transfer electrons 
from organic substrates to molecular oxygen, whereas MnP and LiP 
(heme peroxidases) undergo oxidation-reduction reactions using H2O2 
as an electron accepting cosubstrate (Sánchez, 2020). In particular, UnP 
from the fungi Marasmius rotula and Agrocybe aegerita has been reported 
to be capable of degrading the majority of compounds listed as US EPA 
(Environmental Protection Agency) priority pollutants. These enzymes 
are hybrids of heme peroxidases and P450 monooxygenases and cata-
lyze several reactions (e.g., hydroxylation, epoxidation, desulfuration, 
dealkylation, sulfoxidation, n-oxide reduction, dehalogenation and 
deamination) (Karich et al., 2017; Shin et al. 2018). 

In this work, five hypothetical pathways were proposed for the 
enzymatic degradation of PE under aerobic conditions. Four proposals 
are shown using MnP, Lac, LiP or UnP as individual enzymes, and a 
pathway is proposed using a synergic enzymatic combination of Lac, LiP 
and MnP. In all cases, the degradation pathway was proposed using 
(hypothetically) a fungal hydrophobin from class II (Wu et al. 2017), 
which acts as a biosurfactant so enzymatic catalysis can be carried out. 

Fig. 6 shows a hypothetical PE degradation pathway by MnP from 
P. chrysosporium (Sundaramoorthy et al., 2010). This pathway was 
proposed on the basis of previously detected intermediate compounds 
(Balasubramanian et al. 2014, Sánchez, 2020). The catalytic active site 
of MnP includes aspartate (Asp179), alanine (Ala79), serine (Ser78), 
arginine (Arg42), glutamate (Glu35, Glu143, Glu39), asparagine 
(Asn81), histidine (His46), phenylalanine (Phe45), proline (Pro142), 
heme propionate, and two water molecules (a). MnP would require 
acidic conditions and H2O2 (which should be added to the culture me-
dium) to begin its catalytic activity⋅H2O2 is an oxidizing agent that splits 
into two OH free radicals by homolytic cleavage. After H2O2 is broken, 
one OH free radical would bind to the hydrogen water of the heme MnP, 
and the other would bind to Fe2+, liberating a H2O molecule (b). As a 
consequence, the iron-porphyrin complex would be homolytically 
cleaved, generating porphyrin π-cation free radicals and hydroxyferryl 
center free radicals. Porphyrin π-cation free radicals bind the hydrogen 
of the hydroxyferryl center free radical, and the oxygen of propionate 
binds covalently to the hydrogen water, generating oxymanganese free 
radicals (c). PE enters the active site of MnP and reacts with oxygen of 
the oxymanganese free radical to form the oxoferryl-MnP free radical 
complex (d). As a result, PE breaks down into several small molecules, 
such as alkanes (e.g., dodecane and nonadecane), alkane free radicals (e. 
g., dodecane free radicals), ethyl free radicals and ethanol (e). Ethanol 
would be subsequently oxidized to acetic acid (f), which would enter the 
Krebs cycle (g). 

On the other hand, some molecules generated by PE breakdown (e.g., 
alkanes, alkane free radicals and ethyl free radicals) could enter the 

catalytic site of MnP and break down, generating an oxymanganese free 
radical, which would cause a subsequent oxidation reaction (h). Alter-
natively, alkane free radicals (e.g., dodecane free radicals and other 
alkane free radicals) would be successively oxidized to dodecanal (i), 
which would be oxidized to dodecanoic acid (j). Dodecanoic acid reacts 
with ethyl free radicals to produce tetradecanoic acid (k). Tetradecanoic 
acid reacts with CoA to form tetradecanoyl-CoA (l) (which breaks down 
into fatty acids). Tetradecanoyl-CoA undergoes β-oxidation to produce 
acetyl CoA (m), which enters the Krebs cycle to be mineralized to CO2 
and H2O (n) (White and Rusell, 1994). The substrate-free MnP would 
have an empty substrate-binding site (o) and would react with another 
PE molecule to restart a new catalytic cycle (p) (Sánchez, 2020). 

Fig. 7 shows a hypothetical PE degradation pathway by Lac from 
T. versicolor (Bertrand et al., 2002). The catalytic site of Lac contains four 
copper ions, which are organized in three Cu centers (Cu1, Cu2 and Cu3). 
Cu1 is bound to two histidines (His395 and His458), a cysteine (Cys453) 
and a 2,5-dimethyl-aniline (Xyd514), forming a mononuclear center 
that participates in organic substrate oxidation. Cu1 is coordinated to a 
trinuclear cluster formed by Cu2 and a pair of Cu3 (a)⋅H2O2 would be 
produced as a result of the reoxidation of FAD with molecular oxygen, 
forming an oxy trinuclear copper cluster free radical (b). PE comes into 
contact with the active site of Lac and reacts with Cu1, releasing an 
electron, which binds the hydroxyl group of the Cu2 center, liberating a 
water molecule (c). The three Cu centers would produce an electron flux, 
which would regulate the presence of H2O2 in the medium⋅H2O2 would 
be broken down in two OH free radicals, one of which would bind the 
pair of Cu3, generating PE free radicals, whereas the other OH free 
radical releases a water molecule. PE free radicals would be homolyti-
cally cleaved, forming alkane free radicals (e.g., ethyl free radicals) (d). 
Lac has high redox potential, which causes subsequent oxidation of its 
near-neighboring molecules. Therefore, alkane free radicals would be 
oxidized to alcohols (e.g., ethanol), releasing a water molecule (e). Al-
cohols would be subsequently oxidized to aldehydes (e.g., ethanal) (f) 
and then to carboxylic acids (e.g., acetic acid), which would enter the 
Krebs cycle to be mineralized to CO2 and H2O (g). A substrate-free Lac 
would react with another PE molecule to initiate a new catalytic cycle 
(h). 

A hypothetical PE degradation pathway by LiP from T. cervine (Miki 
et al., 2011) is shown in Fig. 8. The catalytic active site of LiP includes an 
iron-porphyrin center, arginine (Arg43), phenylalanine (Phe46, Phe85), 
histidine (His47), proline (Pro83, Pro146, Pro147), valine (Val144), and 
glutamine (Glu182) (a). The iron-porphyrin complex undergoes homo-
lytic N–Fe3+ bond cleavage to form the porphyrin π-cation free radi-
cal⋅H2O2 breaks down into two OH free radicals, one of which binds 
hydrogen from propionic acid, and the other binds Fe3+, liberating a 
water molecule (b). Then, the oxyferry complex would be formed by 
Fe4+ oxidation, which would react with PE via the generation of free 
radicals, liberating a water molecule (c). As a result, alkane free radicals 
would be formed, which would be oxidized to alcohols (e.g., non-
adecanol) in the presence of H2O2 and would release a water molecule 
(d). Alcohols would be oxidized to carboxylic acids, and as a result, they 
would form the heme iron-superoxo complex free radical, liberating a 
water molecule (e). Carboxylic acids enter the Krebs cycle to be 
mineralized to CO2 and H2O (f). The substrate-free LiP would have an 
empty substrate-binding site (g) and would react with a PE molecule to 
initiate another catalytic cycle (h). 

Fig. 9 shows a hypothetical PE degradation pathway by UnP from 
A. aegerita (Piontek et al., 2013). The catalytic active site of UnP includes 
valine (Val244), phenylalanine (Phe121, Phe191, Phe199 and Phe274), 
alanine (Ala77), threonine (Thr192), glycine (Gly195), glutamate 
(Glu196), serine (Ser123), cysteine (Cys33), heme propionate, 1H-imi-
dazol-5-yl methanol (Mzo354) and two water molecules that bind to 
manganese (a). PE degradation by UnP would require the presence of 
H2O2 in the medium⋅H2O2 would be produced as a result of the reox-
idation of FAD with molecular oxygen. In this case, cysteine acts as an 
acid/base catalyst, donating its electrons so that Fe3+ reacts with H2O2 

Table 2 
PE-binding energy, PE-binding affinity and dimensions of the PE-binding-site in 
the cavity of the enzyme estimated by molecular docking calculations.  

Enzyme E.C. PE-binding 
energy 
(Kcal/mol) 

PE-binding 
affinity 
(μM) 

PE-binding- 
site cavity 
area (Å2) 

volume 
(Å3) 

UnP  1.11.2.1 -6.09  34.34  659.920  367.243 
Lac  1.10.3.2 -6.00  40.11  217.333  153.052 
LiP  1.11.1 -5.69  66.93  604.068  343.361 
MnP  1.11.1.13 -5.57  82.16  552.080  273.023 
Cut  3.1.1 -3.07  5590  67.935  29.114  
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Fig. 6. Hypothetical PE degradation pathway by MnP from P. chrysosporium. The catalytic active site of MnP includes Asp179, Ala79, Ser78, Arg42, Glu35, Glu143, 
Glu39, Asn81, His46, Phe45, Pro142, heme propionate, and two water molecules. This pathway was proposed on the basis of previously detected intermediate 
compounds (Balasubramanian et al. 2014). 
Redrawn from Sánchez (2020). 
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(b). FAD reacts with hydrogen of H2O2 and forms a heme iron-superoxo 
complex, which oxidizes Fe4+, forming the oxoferryl complex and 
liberating a water molecule (c). The oxoferryl complex reacts with PE to 
begin its catalysis (d), generating alkanes (small molecules), ethyl free 
radicals and alkane free radicals (e.g., dodecane free radicals) (e). Al-
kanes, alkane free radicals and ethyl free radicals are successively 
oxidized to acetic acid, which enters the Krebs cycle to be mineralized to 
CO2 and H2O (f). Alternatively, alkane free radicals would form 
acetyl-CoA by β-oxidation, which would also enter the Krebs cycle (g) 
(as mentioned previously for the MnP catalytic cycle). The PE-free UnP 
would then have an unoccupied PE-binding site (h), which would restart 

a new catalytic cycle (i). 
On the other hand, enzymes can act synergistically for complete 

breakdown of their substrate (Sánchez, 2020). Ameen et al. (2015) 
detected Lac, MnP, and LiP activities in several fungal isolates that were 
capable of degrading PE. Therefore, a hypothetical PE degradation 
pathway using a synergic enzymatic combination of Lac, LiP and MnP is 
shown in Fig. 10. As an oxidase, Lac is able to produce H2O2 as a 
side-product, a substance required by peroxidases for catalytic oxidation 
of a substrate (i.e., PE). Therefore, PE biodegradation would start with 
Lac catalytic action. The catalytic site of Lac includes Cu centers and the 
rest of the components mentioned before (for the Lac catalytic cycle) 

Fig. 7. Hypothetical PE degradation pathway by Lac from T. versicolor. The catalytic site of Lac contains four copper ions, which are organized in three Cu centers 
(Cu1, Cu2 and Cu3). Cu1 is bound to two histidines (His395 and His458), a cysteine (Cys453) and a 2,5-dimethyl-aniline (Xyd514). 
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(Bertrant et al., 2002) (a). Cysteine (Cis453) donates its pair of electrons 
to Cu1, forming an oxy-trinuclear copper cluster free radical (b). Cu1 
reacts with PE by a radical coupling mechanism. This process of partial 
PE degradation would form peroxy-trinuclear copper clusters and would 
provide H2O2 to LiP and MnP for PE subsequent catalysis, releasing 2 
water molecules during this process (c). In the next step, the activation 
of LiP would start with the oxidation of the heme iron center, which 
would react with the PE, releasing a water molecule (d). As a result, 
PE-free radicals would be formed, which would react with the heme iron 
center (e), liberating alkanes (small molecules), ethyl free radicals and 
alkane free radicals (such as dodecane free radicals) and ethanol (f). 
MnP would carry out the final degradation step in the PE catalytic 
process. Those molecules generated by PE breakdown (e.g., alkanes, 

alkane free radicals, ethyl free radicals) would enter the MnP catalytic 
site where they would be broken down into organic acids (g), which 
would enter the Krebs cycle to be mineralized to CO2 and H2O (h). 
Alternatively, alkane free radicals and ethanol eventually enter the 
Krebs cycle, as previously mentioned (for the MnP catalytic cycle) (i). 
Then, Lac would start a new catalytic cycle in this proposed synergic 
enzyme combination (j). 

Previously, PE degradation by several fungal isolates, both individ-
ually and by a consortium, was studied, in which MnP, Lac and LiP 
activities were evaluated (Ameen et al., 2015). In general, MnP showed 
the highest activity, followed by LiP and Lac (Ameen et al., 2015). These 
results are in accordance with the present study, since of these three 
enzymes, MnP and LiP showed a major participation in PE 

Fig. 8. Hypothetical PE degradation pathway by LiP from T. cervine. The catalytic active site of LiP includes an iron-porphyrin center, Arg43, Phe46, Phe85, His47, 
Pro83, Pro146, Pro147, Val144, and Glu182. 
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biodegradation. However, Lac is required to provide H2O2 to MnP and 
LiP during the PE degradation process. The Lac cavity is small, and only 
a part of the PE (another part is exposed to the exterior of the enzyme) 
would enter into the binding site for the catalytic activity. MnP and LiP 
have higher cavities, which would allow a more efficient degradation 
process, and both enzymes would participate in the catalysis of mole-
cules once H2O2 is present in the medium, as shown in Fig. 10. 

4. Conclusion 

These findings represent an important contribution to expand our 
knowledge on the mechanisms of enzyme-catalyzed reactions in the PE 
degradation process. These results show that in nature, enzymes act in a 
synergic enzymatic combination, using their specific features to 

undertake an extraordinarily effective sequential catalytic process for 
organopollutants degradation. In this process, oxidases (e.g., laccases) 
are crucial to provide H2O2 to the medium (in aerobic conditions) to 
ensure pollutant breakdown. UnP is a versatile enzyme that offers a 
promising practical application for the degradation of PE and other 
pollutants due to the distinctive characteristics of its cavity. Molecular 
docking is a very useful tool to complement experimentation to eluci-
date the best enzyme or enzyme combination for efficient environmental 
decontamination. The use of microorganisms and their enzymes repre-
sents the most ecofriendly and effective decontamination approach to 
clean our planet of PE and other emerging contaminants. 

Fig. 9. Hypothetical PE degradation pathway by UnP from A. aegerita. The catalytic active site of UnP includes Val244, Phe121, Phe191, Phe199, Phe274, Ala77, 
Thr192, Gly195, Glu196, Ser123, Cys33, heme propionate, 1H-imidazol-5-yl methanol (Mzo354) and two water molecules. 
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