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Abstract

Purpose of Review In the presented review, we have summarized and highlighted recent developments in the use of lignin
peroxidase (LiP) to remove a variety of pollutants from water matrices. The high redox potential of LiP is underlined by its
excellent catalytic functionalities in the elimination of pharmaceuticals, phenolics, dyes, polycyclic aromatic hydrocarbons
(PAHs), endocrine-disrupting chemicals (EDCs), and other miscellaneous pollutants. LiP-based computational frameworks
for theoretical bioremediation of multiple pollutants have also been discussed, which have prompted a rise in scientific interest.
Recent Findings According to current studies, both free and immobilized LiPs are biocatalysts capable of efficient pollutant
degradation and LMW transformation. Some immobilized LiP preparations demonstrated excellent recyclability, enabling
its reusability in multiple catalytic cycles. Additionally, computational degradability makes it easier to comprehend the
mechanisms underlying the degradation of recalcitrant pollutants.

Summary The capacity of LiP to cleave C—C and C—O—-C bonds has led to its widespread application as a biocatalyst. Its
outstanding potential to catalyze oxidative cleavage has been effectively used in the remediation of pollutants without need-
ing mediators. Nevertheless, we brought attention to the current LiP system in pollutants remediation and computational
framework, which has generated a significant rise in scientific interest.

Keywords Environmental biotechnology - Redox reaction - Antibiotics degradation - Environmental pollutants -
Bioremediation - Wastewater treatment
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the removal of a wide array of pollutants as well as deploy-
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’ catalytic potential in the cleavage of ether bonds (C—O-C)
and carbon—carbon bonds (C,—-Cp) inside lignin polymers
[5-8]. The discovery of LiP as an extracellular enzyme
from white-rot fungi (WRF) was originally demonstrated
in ligninolytic cultures of the wood-decomposing basidi-
omycete Phanerochaete chrysosporium Burds in the 1980s
[9-11]. The initial step in the LiP catalytic process involves
using H,0, and various substrates as sources of electrons,
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Fig. 1 H,0, dependent catalytic scheme of lignin peroxidase. A gen-
eral schematic of the LiP chemical cycle. B Catalytic action of LiP
on dimer lignin model compound, yield monomer, and LMW trans-
formed compound. C The crystal structure of LiP from Phanero-
chaete chrysosporium (PDB: 1LGA). The left panel portrayed the
crystal structure (teal color) containing heme (Fe) as a native ligand

1980s to the 2020s, has received considerable attention after
the discovery of LiP [12]. However, lignin has long been a
major impediment to many industrial processes, especially
in paper industries. Later, it was observed that numerous
bacterial species have been documented to produce LiP and
act on lignin as substrate under a controlled environment [8,
13, 14]. During the action on lignin polymer, veratryl alco-
hol, a secondary metabolite of the WRF, serves as a cofac-
tor for LiP in its interactions with lignin polymer. Owing
to its strong oxidative potential (~1450 mV), LiP has been
deployed for efficient lignin depolymerization by cleaving
the p—O—4 linkage, which seems to be the most prevalent
linkage type, accounting for more than 50% of all other ether
linkages in this material [7, 15]. Although for three decades
it was thought that only fungal LiP could degrade lignin
due to its recalcitrant nature, it was later discovered some
bacterial LiP was also able to break down lignin under con-
trolled ex-situ conditions for obtaining renewable chemicals
[16—18]. Fungal systems are more potent than bacterial sys-
tems in breaking down lignin, although bacterial systems
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(Khaki/yellow color) while the right panel portrayed the active site
of LiP consisting of HIS 47, ASP 165, GLU 168, TRP 171, HIS 176,
ASP 238, PHE 265, and PHE 267 residues (coded in red color). HIS
176 forms hydrogen bonds with ASP 238, which facilitates the stabi-
lization of Fe (IV)~O intermediate in compound I

may also change lignin and produce smaller aromatic mol-
ecules that may pass through the wall of membrane cells
and be metabolized via aromatic catabolism [19]. Lignin
can only be completely degraded by Basidiomycota, which
belongs to the aerobic white rot group in nature [13]. The
inability to synthesize needed enzymes and the absence of
enzymatic machinery make anaerobic fungi unable to min-
eralize or catabolize lignin [13]. The enzymatic cleavage
of the aromatic ring necessitates the presence of oxygen or
its partly reduced forms, known as reactive oxygen species
(ROS). Consequently, this process is unable to occur in an
anaerobic environment [13]. Typical peroxidases used by
fungi to degrade lignin are not present in bacteria. These rel-
atively complicated proteins, which are usually glycosylated,
contain many disulfide linkages and integrate multiple cal-
cium ions and a heme cofactor. Thus, it may be intrinsi-
cally challenging for some organisms to produce them [17].
The mechanisms used by bacterial to produce proteins may
not be compatible with the specific conditions needed for
the folding and processing of these enzymes [17]. Despite


http://mostwiedzy.pl

A\ MOST

Current Pollution Reports

extensive research on white rot basidiomycetes as a source
of potent ligninolytic extracellular oxidative enzymes, the
ligninolytic potential of fungi remains limited [20]. The use
of bacteria as ligninolytic agents is drawing more attention
in scientific research. It is brought about by less ethical con-
siderations concerning the usage of bacteria, environmental
adaptability, spontaneous development, and the simplicity
with which bacteria may be genetically modified [20]. Thus,
the investigation of microorganisms as possible ligninolytic
agents is gaining interest. Actinomycetes, a-Proteobacteria,
and y-Proteobacteria are the three categories of bacteria that
have been found in the screening process for those capable
for producing lignin-modifying enzymes (LMEs) [13]. The
high redox potential and capacity of LiP to oxidize resist-
ant to degradation materials are major drivers for their
sustainable usage in environment protection in biopulp-
ing and biobleaching, textile dye decolorization, and other
waste effluent treatment [21-23]. These strong chemical
bond-cleaving characteristics have been used to remove a
broad range of pollutants, including pharmaceuticals, phe-
nolics, chlorinated phenols, endocrine-disrupting chemicals
(EDCs), polycyclic aromatic hydrocarbons (PAHs), and
chlorinated phenols. In some instances, it has been observed
that immobilized LiP has improved catalytic outcomes than
free-form LiP, also enabling enzyme reusability, which
entails the direct deployment of producing microorganisms
in different environments with acceptable results [24, 25].
Despite the wide variety of potential industrial and biotech-
nological applications of LiP, the enzyme has not yet been
commercially exploited, owing to a scarcity of commercial
LiP preparations and the high cost. Consequently, the dis-
covery and development of efficient ligninolytic peroxidases
produced at relatively large amounts and concentrations will
remain crucial for a wide array of environmental remedia-
tion applications. One of the main matters in using LiP is
the necessity of use as co-substrate hydrogen peroxide. This
reagent is highly oxidant and able to inactivate enzymes for
different reasons [26]. While using the enzyme to produce
some valuable product on a reactor, the supply of this rea-
gent may not be a big problem (stepwise addition or in situ
production may be a solution); in bioremediation, the supply
of this reagent must be carefully considered [26]. Numerous
efforts have been made in the last several years to increase
the oxidative stability and catalytic attributes of LiP [23,
27]. Besides its potential uses in environmental remedia-
tion, LiP has often been used in a computational framework
to comprehend the molecular-level degradation mechanism
of enzymes and target pollutants [28]. A computational
framework including molecular docking (MD) and molecu-
lar dynamics simulation (MDS) has been identified in recent
studies on binding affinity for understanding real-time bind-
ing conformational state, which prompted the catalytic abil-
ity of targeted enzymes corresponding to pollutants [4, 28,

29]. To enhance the current limit in enzyme applications
for the environment, machine learning (ML) and artificial
intelligence (AI) have been incorporated into computa-
tional frameworks [30-33]. The current review highlights
the successful progressive journey of LiP over the previ-
ous five decades. The most up-to-date updated information
on the use of LiP in pollutant remediation in combination
with immobilization, lignin depolymerization, biobleach-
ing, and nanocatalysts have been outlined. Furthermore,
recent advances of LiP in the computational framework for
pre-screening-based enzyme-pollutant catalytic attributes
to explore its potential future use in oxidative applications
have also been spotlighted.

LiP Immobilization

Enzyme immobilization started as a solution to facilitate
enzyme recovery and reuse of these relatively expensive
biocatalysts [34]. However, nowadays, enzyme immobili-
zation has become a powerful tool for the final refinement
of enzyme features [35]. To take full advantage of enzyme
immobilization, the whole immobilization protocol should
be performed considering the objectives, the application, the
final reactor, etc. [36]. The immobilization protocol should
consider all the components, starting with the selection of
support compatible with the reactor and the biocatalyst
application, the active group in its surface that is intended
to interact with the enzyme, the immobilization conditions
that determine the enzyme orientation on the support sur-
face, and the immobilized enzyme incubation conditions to
favor the enzyme-support reactivity (e.g., when pursuing
multipoint covalent immobilization) [36, 37]. As a general
rule, the researcher should select supports that, after the
enzyme immobilization, can become chemically and physi-
cally inert (e.g., glyoxyl agarose beads after reduction) [38].
To prevent undesired enzyme-support interactions that can
stabilize incorrect enzyme conformation during operation
[39]. This is not possible using physical immobilization
(except in some instances affinity immobilization), as the
supports must remain physically active throughout time
[40]. In other instances, the researcher did not realize that
the support matrix is hydrophobic or has an ionic character.
The research in this area is still relevant, as the interactions
between immobilized enzymes and supports are not fully
understood and less controlled [36]. In any case, it has been
shown that proper immobilization can improve enzyme sta-
bility for diverse reasons [37]. For example, if there are sev-
eral enzyme-support strong bonds, the so-called multipoint
covalent, the relative positions of all involved points must
be maintained throughout the length of the spacer arm under
any conformational change of the enzyme, increasing the
overall rigidity of the enzyme and, that way, its stability/
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activity under distorting conditions [37]. Moreover, if itis a
multimeric enzyme, the multi-subunit immobilization may
prevent enzyme dissociation, a first cause of inactivation
in many of these enzymes [41]. The support can also pro-
mote some partition of reagents, and if some exert a nega-
tive effect on enzyme stability and are partitioned way, the
enzyme stability may be increased [26]. However, immobili-
zation cannot prevent the release of cations or cofactors from
the enzyme; that way, it is convenient to know the causes of
enzyme inactivation before trying to solve the enzyme stabil-
ity limitations via immobilization. Immobilization may be
coupled to enzyme purification when first using immobiliza-
tion event specific for the target enzyme (e.g., a genetically
added tag, the protein size, the enzyme catalytic mechanism)
[42]. This can reduce the final cost of the biocatalyst and
enable it to fully cover the support surface with the target
enzyme. In this sense, the use of heterobifunctional sup-
ports reveals itself as an exciting possibility [43]. When
an enzyme is immobilized, it suffers some conformational
changes due to the reaction with the support or the later
interactions with other moieties with the support, which are
not usually fully inert. These conformational changes can
lead to significant alterations in enzyme specificity, selectiv-
ity, activity, and even inhibition [44, 45]. Enzyme immobi-
lization has become a very important step in preparing an
industrial enzymatic biocatalyst.

In the context of LiP, there are some specific considera-
tions. If it is going to be utilized in the degradation of small
pollutants in a clear solution, no special precautions are
necessary. However, if the enzyme is intended to degrade
its natural substrate, insoluble lignin, it should be consid-
ered that the substrate is very large or even a solid and that,
in many instances, the final product remains a suspension.
This is very important when selecting a support. A standard
porous support, easy to handle in clear solutions, may not
be recommendable if the substrate/product is a suspension,
and the biocatalyst recovery by standard filtration will not be
possible due to the existence of solid material that can block
the filters and clog the pores of the biocatalyst during filtra-
tion. A possible solution is the use of magnetic materials,
such as a magnet, to recover the biocatalyst. If the substrate
itself is solid or extremely large, there is no other option than
the use of non-porous materials for enzyme immobilization,
as enzymes inside the particle cannot access the substrate.
One possibility is to immobilize the enzyme directly on
the surface of the reactor wall [46-48]. One more general
solution is the use of nanoparticles as the enzyme loading
capacity of these materials depends on the size; tiny ones are
required, and to facilitate their handling, magnetic nanopar-
ticles are preferred. In both cases, some general protection
caused by the enzyme immobilization on porous supports
is lost: the enzyme can interact with interfaces and suffer
surface interaction in the presence of a fluid flow. Using

@ Springer

nanoparticles, there is a possibility of enzyme autolysis and
aggregation. Therefore, the selection of an immobilization
matrix must be chosen carefully, depending on the intended
final use. Another point to consider is the possibility of pro-
ducing hydrogen peroxide “in situ” using an oxidase [49].
This can reduce the risks of adding exogenous hydrogen per-
oxide. In these instances, co-immobilized oxidase/LiP may
offer some advantages, as the concentration of the hydro-
gen peroxide may be higher inside the particles than when
using two independently immobilized enzymes. However,
enzyme co-immobilization presents some problems, like
the complexity of finding good enough protocols valid for
both enzymes or the possibility of one enzyme being much
less stable than the other, making it necessary to withdraw
the whole biocatalysts even when one enzyme remains fully
active [50]. There are some solutions to these matters, but
these strategies complicate the design of the biocatalysts and
should only be employed when the advantages compensate
for the drawbacks [51-53].

Microbial Species Involved in LiP Production

Bacterial species cannot often synthesize peroxidases, but
fungi possess distinct enzymatic machinery dedicated to
the degradation and utilization of lignin [17]. This might
be owing to inherent challenges in producing such highly
complex proteins, which are normally glycosylated, include
numerous disulfide linkages, and incorporate many calcium
ions and a heme cofactor [17]. Folding and processing may
necessitate conditions incompatible with bacterial protein
synthesis machinery [17]. Oxidizing mediators produce
small oxidizing agents, which can penetrate the branch-
ing lignin polymer and cause depolymerization via radical
chemistry [17]. Microbial lignin degradation in species other
than fungi has not been extensively investigated; however,
there have been reports of bacteria that can break down
lignin. Three kinds of lignin-degrading bacteria are predomi-
nant: a-Proteobacteria, Actinomycetes, and y-Proteobacteria
[13, 54, 55]. This ubiquitous collection of microorganisms is
present in terrestrial and aquatic environments and is widely
dispersed throughout global natural ecosystems [13, 56].
Streptomyces viridosporus—derived LiP was first identified
in 1988. Unfortunately, despite several publications on the
cloning of the relevant gene, neither the sequence of this
protein nor the corresponding gene has ever been deposited
in the respective database [17, 57, 58]. LiPs were originally
identified in the well-known WRF Phanerochaete chrys-
osporium, Trametes versicolor, Bjerkandera sp., and Phlebia
tremellosa [9, 13, 59-61]. LiP can effectively oxidize a wide
range of substrates, including phenolic and non-phenolic
chemicals, along with several other organic compounds. The
enzyme LiP has two glycosylation sites, two Ca** binding
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sites, and four disulfide bridges, which contribute to the sta-
bilization of its three-dimensional structure. The molecu-
lar weight (MW), isoelectric point (pI), and other metrics
exhibit variations depending on the characteristics of the
producing species. A few of the most recent LiP-producing
microbial species are listed in Table 1.

Molecular and Computational Aspects of LiP

In certain instances, structural and molecular aspects are
critical for understanding the functional aspects of enzymes,
especially in substrate binding, catalysis, and inhibition.
Structural and molecular attributes of LiP are crucial in
diverse substrate binding and catalysis. The binding site is
catalytic residues dependent and may be specific to each
substrate; however, similar structural substrates may have
similar active site residues. Only a few critical amino acids
are typically involved in catalytic activity during the catal-
ysis process, whether by experimental or computational
methods. For instance, the protein structure of the fungal
LiP from Trametes cervina (PDB: 3Q3U) comprised 338
AA residues in a single chain [68, 69]. Although there are
differences in the structure and residue content across mem-
bers of the peroxidase family, it is important to emphasize
that these enzymes could function in an identical way. Many
fungal LiP structures are readily accessible for study in the
protein data bank (PDB). Nevertheless, no accurate bacterial
crystal structure has been submitted to date [17]. However,
it is worth noting that several peroxidase or LiP variants
exhibit differences in terms of their amino acid composi-
tion and protein structure, as shown by their existence in the
database. For example, DyP (PDB: 5VJO0) from Enterobacter
lignolyticus comprised 318 AA residues distributed in four
chains (A, B, C, and D) [70, 71]. Likewise, another variant
of DyP (PDB:4HOV) from Rhodococcus jostii RHA1 con-
tains 353 AA residues distributed in three chains(A, B, and

C) only [72, 73]. Modest alterations induce changes in pro-
tein functionality. As a result, structural information through
protein engineering may be altered to increase catalytic effi-
ciency under variable environmental conditions. However, it
should be noted that the active sites of LiP variations exhibit
substrate specificity. Therefore, in order to identify these
active sites, a binding assay with the corresponding sub-
strates needs to be employed. From a secondary structure
perspective, the LiP from Trametes cervina (PDB: 3Q3U)
has the following composition: 35.80% of its structure is
comprised of helices, 7.69% is in the form of extended
strands, 4.14% is present as beta turns, and 52.37% is in the
conformation of random coils. A schematic representation
of LiP structure and its comparison with known variants has
portrayed in Fig. 2.

Catalytic Action of LiP in Lignin Valorization
and Depolymerization

Lignin exhibited tremendous potential as a renewable feed-
stock for converting HMW to LMW in a range of high-value
chemicals and products for medicinal, energy, chemical, and
biotechnological applications [74—76]. Lignin and valoriza-
tion might be modified by various microbial enzymes [15,
77, 78]. Approximately 6.2 107 and 5 x 107 tons of lignin,
comprising kraft lignin, lignosulfonate, and soda lignin,
are produced annually by the biomass refinery and pulp
and paper sectors, respectively [15, 79]. Currently, most
lignin is either disposed of as scrap or utilized as an energy
source. Due to its large carbon-to-oxygen ratio and abundant
aromatic structure, lignin is a viable feedstock for produc-
ing biofuels and biochemicals. The majority of processes
to modify lignin require high temperatures, catalysts, and
complex reactors, among other elements that enhance lignin
cleavage into low molecular weights compounds [80]. On
the other hand, these techniques frequently produce waste

Table1 A few well-known LiP-
producing microbial species

LiP-producing species Species type  Remarks Reference
Ganoderma lucidum Fungi Improved dye decolorization and cytotox-  [62]

icity reduction properties
Pichia methanolica Fungi Degrading potential of organic pollutants  [63]
Inonotus obliquus Fungi Lignin degrading enzyme [64]
Pseudomonas sp. Bacteria Decolorization of lignin-like dye [20]
Enterobacter sp. Bacteria Decolorization of lignin-like dye [20]
Escherichia coli Bacteria Decolorization of lignin-like dye [20]
Phanerochaete chrysosporium  Fungi Biodegradation of phenol and Congo red [65]
Phanerochaete chrysosporium — Fungi Recombinant lignin peroxidase [66]
Schizophyllum commune Fungi Application in textile dyes-contaminated [24]

aqueous solution
Bacillus sp. Bacteria Biodegradation of methylene blue [67]
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Extended strand

LiP variants Alpha helix Extended strand Beta turn Random coil
Alpha helix Involved | Percentage | Involved | Percentage Involved @ Percentage | Involved | Percentage
residues residues residues residues
4HOV 108 30.59 48 13.60 | 12 3.40 185 5241
5V]0 111 34.91 59 18.55 12 3.77 136 42.77
3Q3U 121 35.80 26 7.69 14 4.14 177 52.37
Beta turn

Random coil

Fig.2 Molecularly rendered depiction of lignin peroxidase variants in
schematic form. Based on the oxidizing activity of lignin, three vari-
ants of LiP (PDB: 5VJ0, 4HOV, 3Q3U) have been compared for their
structural architecture and structural annotation. The basic secondary

compounds that are frequently unusable, such as byproducts
of the catalysts or solvent [80]. Despite certain advance-
ments in the field of lignin valorization, the full potential
of biological systems to be utilized for lignin valorization
will require significant effort in research and development.
One of the main issues to be taken into account through-
out the lignin valorization process is the choice of both
the lignin source and the depolymerization capacity of
the employed technique. The following are some potential
strategic solutions to improve the microbial biotransforma-
tion of lignin: (1) selecting a lignin source and the micro-
organism’s ability to depolymerize, (2) selection of ideal
microorganisms, (3) enzyme-microbe and microbe-microbe
synergy, and (4) optimization of catabolic pathways and
yield of targeted product. Understanding the degradation
process and creating effective metabolic pathways for con-
version are urgently needed to take advantage of lignin
valorization. The first step to lignin valorization is deg-
radation through peroxidase activity or any other enzyme
with auxiliary activities. Through the sequential activity of
many enzymes, including the possible oxidative produc-
tion of H,0,, auxiliary enzymes facilitate the degradation
process of lignin. These enzymes are pyranose 2-oxidase
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. 5V]0 (DyP from Enterobacter lignolyticus)
. 4HOV(DyP from Rhodococcus jostii RHA1)
. 3Q3U(LiP from Trametes cervina)

structural element in a-helix, f-sheet, and loop annotation has been
depicted at the bottom of each panel. The structural architecture and
SSE annotation can be noticed for non-similar peculiarities

(POX; EC 1.1.3.10), cellobiose dehydrogenase (CDH; EC
1.1.99.18), glucose oxidase (EC 1.1.3.4), aryl alcohol oxi-
dases (AAO; EC 1.1.3.7), and glyoxal oxidase (GLOX; EC
1.2.3.5). These enzymes have frequently been discovered in
WREF secretomes [13]. As described extensively in recent
literatures, significant effort has been undertaken in each
step, from lignin characterization through lignocellulosic
biomass pretreatment, depolymerized components sepa-
ration, and catalytic or thermochemical transformation to
allow lignin valorization efficiently [81-86]. Although sev-
eral different LMEs have been identified in different bacte-
rial species, the activity of these enzymes is still required
for the extracellular degradation of HMW to LMW lignin.
LiP has limited substrate specificity and interacts with a
broad range of lignins as well as other chemicals. It var-
ies from the ability to oxidize aromatic methoxylated rings
without a free phenol group, generating cation radicals that
may then react through different mechanisms, including
ring-opening, demethylation, and phenol dimerization. In
contrast to laccase, LiP does not require any mediators to
break down high-redox compounds; nonetheless, H,O, is
required as substrate. Consolidated bioprocessing has been
developed and proved to depolymerize lignin simultaneously
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with chemical processing. Nonetheless, this bioprocessing
of lignin is industrially feasible; however, there are several
concerns to be answered, the two primary targets: (1) effi-
cient lignin depolymerization to supply considerable LMW
lignin-related carbon substrate, and (2) a significant increase
in yield of value-added product from aromatic compounds
[6, 77, 87]. The activity of lignin breakdown enzymes may
be enhanced by protein engineering [88]. Nevertheless, other
heme peroxidases, including chemical methods, have shown
the excellent capability of lignin depolymerization by cleaving
C—C and C-O-C bonds to yield monomer chemicals in recent
years [14, 88-94]. Many strategies for depolymerizing lignin
structures have been established, including thermochemical
and biological methods. The particular cleavage of lignin link-
ages, i.e., f—O—4 has been shown to provide many benefits
from a biological standpoint, and this process is environmen-
tally friendly [80]. Nevertheless, there are several disadvan-
tages, such as the bacterial high sensitivity to changes in the
reaction system (e.g., variations in pH, temperature, and oxy-
gen concentrations), and obstacles in genetically modifying
the microbes [80]. A schematic illustration of the LiP-assisted
depolymerization process is portrayed in Fig. 3.

Deployment of LiP in Environmental
Remediation

Textile and Pulp and Paper Industries

The textile industry extensively employs a wide range of

dyes to fulfill the demand for high-quality and finished
products. However, this production process generates a

significant quantity of colored wastewater that poses poten-
tial hazards to the environment [95, 96]. Textile wastewater
often comprises hazardous chemicals such as phenolics,
dyes, aromatic and benzene ring nitro compounds, phtha-
lates, and organochlorines. The aforementioned compounds
have been shown to have detrimental environmental effects,
including carcinogenicity, mutagenicity, and ecotoxicity.
The aforementioned impacts have been observed via experi-
mental studies conducted inside controlled laboratory set-
tings as well as in natural aquatic environments [95-97]. In
addition to textiles, several other industries employ the dye-
ing process, including food, cosmetics, paper, photography,
and plastics, which are the leading causes of pollution in the
effluent water ecosystem and have a detrimental influence
on the native flora and fauna [97, 98]. The use of microor-
ganisms and their dye-degrading enzymes for decolorizing
and metabolizing dye components in a controlled labora-
tory environment has been well-established and has shown
to be the most effective bioremediation process. Giap et al.
reported that the WRF Lentinus squarrosulus MPN12 bio-
degraded lignin and synthetic dyes, including Acid Blue
62, Porocion Brilliant blue HGR, Acid Blue 281, Acid Blue
113, Acid red 266, and Acid red 299, adequately in lab con-
ditions [99]. The pulp and paper production process is a
complex method that involves the simultaneous generation
of enormous amounts of environmental contaminants from
pulping and bleaching steps that disrupt the environmental
balance through environmental irregularities if drained with-
out treating wastewater into water bodies [100, 101]. The
effluent from the pulp and paper industries often contained
lignin and hazardous waste by-products, i.e., black liquor,
lignin derivatives, cellulose, phenolics, resins, fatty acids,

Fig.3 Role of lignin peroxidase
(LiP) in valorization/depolym-
erization of lignin/lignocel-
lulosic feedstock. A The upper -
panel depicts the lignin polymer ~ H'%hgsox \
and its distinct motif/linkages, ¢ . '

and the oxidative cleavage of
the C—C and C-O-O bonds has
been explained. B The bottom
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and mixed tannins, which constitute major environmental
hazards [102, 103]. The complex and resistant lignin with
chlorinated lignin derivatives contained in the paper pulp
mill effluent is the main contaminant that causes mutations
in genes in exposed organisms [104]. Because it prevents
sunlight from penetrating the water, lignin conveys the water
a dark brown color, making the natural process of photo-
synthesis far more difficult to carry out [104]. Addition-
ally, elevated parameters including pH, biological chemical
demand (BOD), chemical oxygen demand (COD), color, and
lignin content of the alkaline effluent render this a poten-
tial hazard to the receiving aquatic and soil environments.
As a result, it is critical to treat pulp and paper wastes and
wastewater appropriately before releasing them into water
bodies. However, the biological methods and their poten-
tial ligninolytic enzyme-mediated deployment seem more
economical and environmentally friendly for the bioreme-
diation of such wastewater. However, small extrinsic fac-
tors such as pH, temperature, nutritional supply, and so on
might influence and fail to produce LiP by LiP-producing
microbes. Even though the enzyme is expensive, and yields

are limited, efforts are being made to address these limita-
tions and drive progress in the future. However, bioleaching
is still in its early stages when applied to using enzymes in
the pulp industry. This could lead to eco-friendly biobleach-
ing methods for large amounts of hardwood and soft pulp
[105, 106]. A basic illustrated representation portrayal of
LiP deployment in paper industries is depicted in Fig. 4.

Biodegradation of Pharmaceutical Compounds

The enzymatic activity of LiP has been demonstrated to
oxidize lignin derivatives and phenolic chemicals in addition
to lignin. In addition to its vital role in lignin breakdown/
depolymerization, LiP has been investigated for its ability
to remove a wide range of pharmaceutical compounds from
wastewater [107, 108]. Nonsteroidal anti-inflammatory
drugs (NSAIDs) have been detected in aquatic ecosystems,
and the existing techniques for eliminating these compounds
exhibit a range of limitations [109]. The identification of
NSAIDs as emerging contaminants has raised significant
concern within the scientific community due to their
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which has been performed using different LiP producers. Associated
remediation was assessed using the toxicity assessment, which was
shown to be minimized after the treatment


http://mostwiedzy.pl

A\ MOST

Current Pollution Reports

potentially hazardous impacts on the environment and
public health [110-113]. NSAIDs constitute a substantial
contribution to the overall quantity of chemicals discharged
into the wastewater treatment system annually [114, 115].
Numerous physicochemical techniques have been developed
to eliminate pharmaceutical compounds from wastewater.
Among such physiochemical methods, photochemical
UV/TiO, oxidation, adsorption of organic compounds on
activated carbon and polymer resins, chemical coagulation/
flocculation of lignin using synthetic or natural coagulants,
and catalytic wet air oxidation (WAO) are some of the
methods that have been developed and experimentally
tested over the course of many years for the goal of
treating wastewater and removing organic pollutants [116].
Nevertheless, these processes can be quite costly, have a
negative impact on the environment, and frequently lack
efficiency [116]. In addition, during these processes, lignin
is not degraded but rather converted from a state suspended
in water to a solid or absorbed state, essentially just shifting
the issue elsewhere [116]. Biological treatments, including
LiP, offer a viable solution for removing organic pollutants
from pulp and paper wastewater [99, 117]. EDCs have
been removed from water using adsorption, filtration,
chlorination, coagulation/flocculation, Fenton/photo-Fenton
degradation, sonochemical degradation, photochemical/
photocatalytic oxidation, ozonation, and hybrid
physical-thermal processes [118—123]. The aforementioned
methods are costly and sometimes produce toxic secondary
contaminants. Alternatively, WRF treatment of polluted
water is advantageous and sustainable. However, WRF
requires an additional source of carbon since the degradation
of EDC mentioned earlier occurs as part of its secondary
metabolism. Unlike bacteria, WRF has the ability to break
down EDC even when present in low concentrations.
Currently, organic contaminants are primarily eliminated
through microbial degradation due to their cost-effectiveness
and simple operational requirements. Microorganisms have
the ability to eliminate organic contaminants, either on their
own or in a collective effort, through metabolic consumption.
In addition, they eliminate the pollutants by breaking them
down using secreted enzymes [124]. Nevertheless, only a
limited number of these methods are practically viable due
to their high costs [125, 126]. Guo et al. investigated the
efficacy of utilizing immobilized LiP on Fe;0,@Si0,@
polydopamine nanoparticles for the degradation of several
organic pollutants, including tetracycline, dibutyl phthalate,
5-chlorophenol, phenol, phenanthrene, fluoranthene, and
benzo(a)pyrene [63]. Subsequently, the immobilized LiP
exhibited a reaction efficacy of 100% for tetracycline,
dibutyl phthalate, 5-chlorophenol, and phenol. Additionally,
it demonstrated reaction efficacies of 79%, 73%, and 65%
for phenanthrene, fluoranthene, and benzo(a)pyrene,
respectively [63]. Conversely, the inactivated immobilized

LiP only adsorbed less than 25% of phenanthrene and
fluoranthene [63]. Ding et al. highlighted the in-vitro
degradation of propranolol using LiP [127]. Throughout
the investigation, the findings indicated that significant
degradation of 94.2% of propranolol occurred when exposed
to a LiP activity level of 30 U L~!' [127]. Furthermore, a
multipath degrading mechanism was conferred onto LiP a
noteworthy capability to efficiently remove a wide range
of recalcitrant pollutants in the context of environmental
remediation [127]. The efficacy of fungal enzymatic activity,
including LiP, in removing carbamazepine, diclofenac,
and ibuprofen from aquatic environments was reported by
Kasonga et al. [128].

Biodegradation of Endocrine-Disrupting Chemicals
and Polycyclic Aromatic Hydrocarbons

EDC:s are a broad category of substances known to interfere
with the function of the endocrine system. In light of their
structural similarities to natural steroid hormones, they can
bind to hormone receptors, which results in negative health
impacts once exposed. Bisphenol A (BPA), bisphenol S
(BPS), and nonylphenol (NP) stand out as three of the EDCs
that seem to be particularly hazardous to humans [129].
As a result of the substantial growth of the industry, there
has been a significant increase in the production of BPA,
BPS, and NP, resulting in notable impacts on the environ-
ment. WRFs are a cost-effective, environmentally friendly,
and potentially acceptable method of removing EDCs [129].
Ligninolytic enzymes, including LiPs, are secreted extracel-
lularly by WRF. These enzymes can degrade a wide variety
of EDCs because of their low substrate specificity (Fig. 5).
LiP has a wide substrate specificity, which allows it to elimi-
nate a variety of xenobiotics, including EDCs. Due to their
hydrophobic characteristics, EDC compounds are thought to
only biodegrade slowly under aerobic conditions. EDCs can
be effectively degraded by purified peroxidase and lignino-
lytic fungi. A typical instance of how NPs can transform is
through carbon—carbon (C-C) and carbon—oxygen (C-0O)
coupling and oxidation at the terminal alkyl chain carbon.
This metabolite is likely formed through the action of LMEs
on phenolic hydroxyl groups, leading to the creation of phe-
noxyl radicals. These radicals then undergo various sponta-
neous reactions, including oxidative coupling. Consequently,
it can be concluded that the use of WRF has significant
potential in accomplishing the aforementioned challenge of
EDCs during wastewater treatment operations [129]. PAHs
are persistent organic pollutants with carcinogenic, terato-
genic, and mutagenic properties. In PAH-contaminated soils,
it has been shown that HMW-PAHs with four or more rings
exhibit greater prevalence than their LMW-PAH counter-
parts. PAHs exhibit high resistance to degradation processes.
Fortunately, new studies have been conducted to determine
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Fig.5 Lignin peroxidase and its
remarkable high redox potential
capabilities in catalytic oxida-
tion of endocrine-disrupting
chemicals (EDCs) have been
portrayed for understanding the
efficient catalytic role in EDCs
elimination from water matrices

)
Q
=
5
g0
—
(3]
<
3
w
(]
a
m
S
5]
<]
Q
B
3
=)
%)

%ﬂ Ho0, Ho A
P

Redox potential
~1450 mV

Catalytic elimination

Y

the efficiency of LiP in the degradation of PAHs. Zhang
et al. investigated the degradation of HMW-PAHs by LiP
activity using the fungal species Fusarium sp. ZH-H2 [130].
This study was shown to have used different parameters
during the treatment process [130]. Afterward, results
showed that the DF treatment combined with starch and
humic acid as carbon sources yielded the highest soil LiP
activity (27.42 U LY [130]. In another recent work, Chai
et al. reported immobilized LiP on chitosan-modified hal-
loysite nanotubes for PAH degradation [131]. Their study
achieved the optimal enzyme activity and immobilization
efficiency with an enzyme dosage of 8 mg and an immobi-
lization time of 8 h [131]. The immobilized LiP possessed
greater pH resistance, thermal stability, and storage sta-
bility than the free LiP, and after eight cycles, it retained
more than 40% of its initial enzyme activity [131]. Immo-
bilized LiP had the highest removal efficiency of phen-
anthrene (55.7%) and fluoranthene (41.2%) in spiked soil
after 4 days [131]. The immobilized LiP removed 21.1%
of 16 PAHs from aged soil, with the removal efficacy of
LMW PAHs being higher than that of medium- and HMW
PAHs [131].

LiP-Assisted Dye Degradation

WRFs are the most common source of LiP. However, not
all WRFs produce LiP. LiP has a greater redox potential
compared to laccases and MnP. This characteristic enables
LiP to oxidize both phenolic and non-phenolic components
of lignin, even in the absence of mediators. Consequently,
LiP demonstrates superior catalytic efficiency in com-
parison to laccase. LiP activity relies on the presence of
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H,0,; nevertheless, excessive quantities of H,0O, may have
detrimental effects on the functionality of LiP. Applying
this noted oxidative ability has shown potential for the deg-
radation of several dyes [24, 67]. Bilal et al. documented
the immobilization of LiP by covalent binding onto Ca-
alginate beads, employing glutaraldehyde as a cross-linking
agent [25]. Subsequently, the immobilized biocatalytic
system demonstrated the ability to efficiently decolorize
dye (Remazol Brilliant Blue R) in five consecutive batch
operations, maintaining a dye-removal efficiency of over
80% even after the fifth cycle [25]. In another study, Pham
et al. described a novel LiP-producing Bacillus sp. React3
for methylene blue dye biodegradation [67]. Subsequently,
After 48 h of incubation, it was observed that the removal
rate of methylene blue achieved 99.5% [67]. The most
favorable parameters for the degradation of methylene blue
were seen at a pH of 7 and a temperature of 35 °C, under
static conditions, with an inoculum concentration of 4%
and a concentration of 1000 mg/L of methylene blue [67].
Tryptone was used as the carbon source, while yeast extract
was the nitrogen source [67].

Enzyme Engineering for Enhancing
Catalytic Potential

Chemical modifications have been made to the enzyme to
improve its catalytic efficiency [31, 132, 133]. Enhancing
the performance of native or indigenous enzymes for indus-
trial applications may be achieved by boosting factors such
as enzyme selectivity and catalytic efficiency. Nevertheless,
the achievement of such optimization may only be realized
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by the use of a protein engineering approach [134]. Increas-
ing the activity of an enzyme via amino acid sequence mod-
ifications and making it appropriate for its use in indus-
trial processes is the primary goal of enzyme engineering.
Determining the composition and structure of the enzyme
that has to be changed is the main goal of various enzyme
engineering approaches. The underlying theory is that infor-
mation on the molecular complexity of an enzyme structure
may be used to change the enzyme’s functional properties.
The creation of the enzyme-substrate complex during bio-
catalysis is a critical step in determining the kinetic effi-
ciency of the enzyme. Since the amino acid residues found
in the catalytic domain of the enzyme are often involved
in the interactions between the enzyme and substrate, it is
therefore usually viewed as crucial to modify alterations in
those residues when designing engineered enzymes. Nev-
ertheless, by creating a general change in the enzyme con-
formation and functional activity, changes to amino acids
other than those at the active site may also aid in controlling
the interactions between the enzyme and the substrate. In
recent years, rational design and directed molecular evo-
lution approaches have facilitated the implementation of
oxidoreductase engineering for specific industrial appli-
cations [135]. Recombinant LiP production in native and
heterogeneous hosts has proven more efficient than in
native variants. Nevertheless, it is usually noted that certain
extrinsic factors, such as increased temperature, the pres-
ence of a solvent, and susceptibility to inactivation by H,O,,
often impede the desired outcomes. Therefore, it is essen-
tial to thoroughly examine different protein engineering
approaches to enhance the production of LiP and improve
its enzymatic activity. Purdic et al. reported improved deg-
radation of azo dyes by mutagenesis in LiP [23]. Their study
used LiP from Phanerochaete chrysosporium for protein
engineering [23]. Following that, mutations exhibited up to
tenfold higher affinity for three different azo dyes (Evans
blue, amido black 10B, and Guinea green) and up to 13-fold
higher catalytic activity [23]. In another study, the WRF
(Phanerodontia chrysosporium) LiP gene was cloned and
heterologously produced in the food-grade yeast (Cyber-
lindnera jadinii) [136]. At 96 h, its LiP activity reached its
highest level, 68.52 U/L [136].

LiP in Theoretical Degradation of Pollutants
Deploying Computational Technologies

A variety of computational tools have been developed to
investigate and comprehend the fundamental principles that
enable enzymes to degrade pollutants or biotransformed
substrates into smaller fragments employing non-testing
methods [28, 29, 32, 137, 138]. As a result, an abundance
of computational toolsets is now accessible, and they may
play an important role in comprehending the complex
steps occurring at the molecular level of the degradation
mechanism involving the target enzyme-pollutant interac-
tion [139-141]. The conventional degradation processes
often exhibit imperfections in molecular interaction, com-
plete transformed compounds, and binding affinity between
enzyme-pollutants. These limitations may be overcome by
employing theoretical degradation approaches. The afore-
mentioned methods use intelligent, non-testing approaches
and are reliant on computational algorithms to enhance the
reliability of pre-screening-based pollutant degradation [29,
139, 142—-144]. In recent years, a few pieces of research have
been conducted using LiP, and its variants to investigate the
degradation mechanisms of various pollutants at a molecular
level [28, 145, 146]. In our previous study, we conducted an
in silico investigation of the enzyme LiP to gain insights into
the degradation process of 12 lignin derivatives [28]. Such
a study deploys glide docking and high-performance Des-
mond MDS approaches in order to elucidate the underlying
theoretical degradation mechanism [28]. The trimer model
compound exhibited the lowest XP Gscore of —8.136 kcal/
mol among all docked compounds. This was attributed
to the presence of Pi-Pi stacking and H-bond (side chain)
type bonding interactions corresponding to the LiP-trimer
compound. Another similar study was carried out using
LiP and multimeric lignin model compounds, and the sig-
nificant degradation potential of LiP was estimated using
docking, and Desmond simulation [29]. Table 2 explains
the deployment of LiP in computational frameworks for the
theoretical exploration of various pollutants at the molecular
level. Integrating computational tools, which are non-testing
approaches, along with conventional methods, may enhance
the current extent of degradation in the context of green

Table 2 Deployment of LiP in computer-aided theoretical degradation of environmental pollutants

Enzyme Model compounds Software/tools Remarks Reference

LiP Lignin derivative MVD, LPC/CSU server Binding Affinity and Interactional Profile [145]

LiP 12 lignin model compounds Glide, DESMOND Binding affinity, molecular interaction [28]

LiP 4 model compounds Glide, DESMOND Binding affinity, molecular interaction, theoretical [29]

degradation

LiP Veratryl alcohol GROMACS 3.0 Heme access channel investigation [147]

LiP Atrazine NAMD Ligand access channel dysfunction investigation [148, 149]
@ Springer
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Fig.6 The foremost advance in environmental research by employing
lignin peroxidase (LiP) from the domain of computer-aided research.
Artificial intelligence (AI) and machine learning (ML)-based method-
ologies in certain computational tools, such as docking and molecular
dynamics simulation, have been deployed in computational remedia-
tion or theoretical degradation. Three key computational strategies

degradation design for regulatory consideration. A sche-
matic representation of computational methodology with
undertaking LiP for pollutants degradability prediction is
shown in Fig. 6.

Future Outlook and Concluding Remarks

Considering its low cost, rapid remediation process, and
bypassing of secondary pollution, microorganism-based
biological remediation is one of the most often investigated
approaches. Therefore, microbial remediation technology
is one of the most effective and environmentally friendly
solutions for managing hazardous pollutants. The removal
of a wide range of pollutants, including pharmaceuticals,
EDCs, PAHs, dyes, chlorinated phenols, and other emerging
contaminants of concern can be mitigated by deploying LiP.
Extrinsic factors, including pH, temperature, solvent, and
others, have the potential to influence thermal stability and
broaden the scope of catalysis. LiP exhibits strong catalytic
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have been demonstrated, which have been described to be used along
with LiP in smart remediation technologies. A The existing flaws in
conventional remediation technologies. B The computational tech-
niques that could overcome the existing flaws. C The molecular inter-
play for unraveling the degradation mechanism through LiP

capabilities, as well as a high redox potential in compari-
son to other oxidoreductases. It was first used extensively
in lignin degradation and oxidation of identical molecular
weight compounds. It was thought it could only oxidize
lignin through the degradation assays under controlled
environmental conditions. However, throughout the years,
its catalytic ability has been unlocked in a variety of applica-
tions, most notably bioremediation and lignin depolymeri-
zation. During the decade of the 2000s-2010s, the protein
crystal structures of LiP derived from fungi were solved and
deposited into a protein data repository. Later, a heme per-
oxidase known as DyP was identified, which has a catalytic
action similar to breakdown/depolymerization on lignin.
Further crystal structure refinement and molecular investiga-
tion revealed the evolutionary relationship among the closest
LiP-producing species. No bacterial LiP crystal structure is
available in the protein databank, but plenty of structures
from fungi are known to date. Despite its high redox potential
and oxidizing capabilities, LiP has been remarkably deployed
in the pulp and paper industry for wastewater biobleaching,
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decolorization, and lignin degradation. Furthermore, it has
been used in nano-biocatalysts, and immobilization in recent
decades. However, the molecular interaction during pollut-
ant degradation and its magnitude remained unresolved
until the last decade (the 2010s). Later, remarkable studies
were carried out using, for example, docking and molecular
dynamics simulation techniques to determine the molecular
behavior of LiP during the catalytic action on lignin, lignin
derivatives, and comparable pollutants. With the implementa-
tion of a computational framework, LiP has attracted consid-
erable scientific attention compared to other oxidoreductases.
It has been witnessed that several strategies must be investi-
gated to attain a high yield of LiP. Despite significant progress
in producing LiP with improved biofunctional properties,
which might also pave the way for prospective future appli-
cations of the enzyme. Even though major improvements
and progress in molecular biology techniques, engineered
bacteria and fungi for recombinant enzyme production, and
engineered systems for yielding high levels of LiP, the avail-
ability of LiP in widely varying industrial and biotechnologi-
cal applications remains a challenge. Therefore, such attrib-
utes could be enhanced a bit more to maximize the catalytic
functionalities of LiP under harsh conditions. Furthermore,
LiP may be turned into a “green design” for environmental
pollutant biodegradation, combining in-silico and conven-
tional biodegradation assay. For future views on expanding
our comprehension and addressing the issues we have identi-
fied, there are plenty of gaps to be filled as follows:

1. No bacterial crystal structure of LiP is deposited into
protein databases; such can provide the protein engineer-
ing framework for enhancing the catalytic role

2. Enhancing the catalytic potential of LiP with conven-
tional and in-silico efforts

3. Enhancing the yield from indigenous and transgenic species

4. Implementation of theoretical degradation into a real-
time assay for improving the degradation efficiency

5. LiP-assisted green design for biodegradation of diverse
phenolic compounds

6. Exploration of future prospective oxidative application
for miscellaneous use

LiP has demonstrated its strong redox potential in catal-
ysis, depolymerization, and H,0,-dependent cleavage of
lignin C—C and C-O-C bonds. A considerable deployment
of LiP as a viable biocatalyst for acting on lignin has been
noted for lignin breakdown. Likewise, lignin polymer is a
crucial, plentiful source for generating aromatic high-value
compounds, which might be accomplished with the oxida-
tive activity of LiP. With excellent redox potential activity,
LiP has drawn enormous attention for enhancing the yield as
well as the catalytic activity through engineering strategies.

However, advances and reports evidence that increasing the
yield for demanding industrial and biotechnological utili-
zation remains a great challenge. Nonetheless, attempts to
harness its potential for future use are underway.
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