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Enzymes play an important role in numerous natural processes and are increasingly being utilized as environmentally
friendly substitutes and alternatives to many common catalysts. Both horseradish peroxidase (HRP) and laccase are most
often utilized for the formation of enzyme aggregates due to their ability to rapidly oxidize phenols, generating phenoxy
radicals which undergo radical coupling to form biphenyl or phenyl ether linkages.
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| 1. Laccase Catalysts in Nature

Laccases (benzenediol:oxygen oxidoreductase, EC 1.10.3.2) belong to a family of multicopper core oxidases containing a
minimum of four copper atoms at their active site, classified as either Type 1 (T1), Type 2 (T2), or binuclear Type 3 (T3)
Cu centers . First discovered in 1883 by Hikorokuro Yoshida as a component of lacquer sap from Rhus vernicifera 14, a
broad variety of laccases have since been isolated, with particular interest in those derived from fungal sources due to
their ease of production, low cost, and high redox potential. Characterized by their broad substrate specificity, laccases
are capable of catalyzing one-electron oxidations of a myriad of organic and inorganic substrates, although they are best
known for their oxidation of phenols with the concomitant reduction in oxygen.

Being found in fungi, plants, and microorganisms, laccase has many roles in nature (Table 1). It is perhaps most well-
known for its function in numerous fungi, where it catalyzes the degradation of lignin and humic acid, most probably
employing naturally occurring radical mediators such as syringaldehyde and vanillin Bl. Laccase has also been suspected
to play a major role in the synthesis of melanin-like pigments, where phenol and catechol derivatives are oxidized to
strongly absorbing quinones @l Similar to fungal sources, laccases found in bacteria serve to catalyze the reactions
involved in the degradation of lignin and other phenols, in addition to the synthesis of pigments. In bacteria, however,
laccase also plays the unique role of assisting in the resistance to spores and pathogenesis, most likely by catalyzing the
oxidation of toxic compounds &I,

In distinction to both fungal and bacterial sources, laccase in plants has been found to play a primary role in lignin
synthesis by catalyzing the polymerization of monolignols accounting for the lignin component of plant cell walls, and is
therefore of interest for the synthesis of synthetic lignin and lignin-like polymers €. Analogous to plants, insects utilize
laccase as a catalyst in the development of their cuticle. This process occurs through the laccase oxidation of catechols to
their corresponding quinones which can crosslink proteins of the cuticle, allowing for its hardening .

Table 1. Laccases: sources, molecular mass, and catalytic function in nature.

Source Molecular Mass (kDa) Natural Function Reference

Scytalidium thermophilum 82 Lignin degradation Ll
Pigment formation

Fungal Rhizoctonia solani 70-85 Ll_gnm degradat_l on 8]
Pigment formation

Trametes versicolor 58 Ll_gnln degradat_l on @
Pigment formation

Strepotomyces antibioticus 67.5 Phenoxazinone synthesis [0

Bacterial Bacillus subtilis 65 Spores pigmentation e

UV and H,0, resistance

Pseudomonas syringae 72 Copper resistance a2



Source Molecular Mass (kDa) Natural Function Reference

Acer pseudoplatanus 59.9 Lignin Synthesis [s]

Plant Malus domestica 74 Lignin Synthesis (4]
Rhus vernicifera 110 Lignin Synthesis s

Manducta sexta 220-280 Cuticle Scleritization el

Insect Sarcophaga bullata 90-100 Cuticle Scleritization [
Periplaneta americana 185 Cuticle Scleritization (8]

| 2. Laccase Structure and Catalytic Pathway

Although heavily dependent on the source, laccases most commonly possess a molecular mass of 60-70 kDa and can be
divided into three nearly homogenous domains of B—barrel type structures which surround the active site at the center of
the enzyme (D1-3, Figure 1) &, Laccases are further composed of covalently linked glycosidic regions, constituting
between 10-45% of the enzyme’s mass (GL1-3, Figure 1) 9. These glycosidic regions serve to protect the enzyme from
thermal inactivation, proteolytic attack, and solvent-induced denaturation 29, The substrate binding pocket in the interior
of laccase is surrounded by hydrophobic fragments and histidine/aspartic acid/glutamic acid residue located nearby. This
particular residue participates in hydrogen bonding with substrates containing —OH or —NH, groups, assisting in
deprotonation 24, This enzyme structure provides the optimal catalytic activity of laccase between 50-70 °C and an
optimal pH varying greatly with the substrate 22,

Figure 1. Three-dimensional structure of Trametes versicolor laccase. The protein domains (D1-3) are shown in dark
blue, red, and green; the four Cu atoms are depicted in light blue and the glycoside anchoring sites (GL1-3) are marked in
yellow. Modified from 2. This work is licensed under CC BY.

The catalytic mechanism of laccase has been thoroughly investigated through electron paramagnetic resonance
spectroscopy and X-ray crystallography, allowing for the near complete elucidation of the enzyme active site function 23,



Of primary importance for understanding the laccase mechanism of action is the elucidation of the role T1, T2, and
binuclear T3 copper centers play in the process.

Investigation of the active site has revealed that the T1 site is ligated by two nitrogen atoms in histidine moieties and a
thiolate residue on the enzyme. This site serves as a long-range intramolecular electron shuttle, directing electrons from
the substrate to the T2 and T3 copper atoms, and is therefore the position of substrate oxidation. The two copper atoms of
the T3 site are ligated by three histidine groups each and are bridged by a hydroxide anion. The T2 site is ligated by an
additional two histidine residues and a water molecule. Catalysis is initiated through the oxidation of the substrate at the
T1 copper site via one electron transfer. Substrates containing either hydroxyl or amine groups are often activated by the
enzyme through deprotonated aspartic acid groups neighboring the active site, decreasing the strength of O—-H or N-H
bonds, and consequently facilitating oxidation. Electrons are then shuttled from the T1 copper to the T2 and T3 atoms,
where molecular oxygen is bound and able to accept the transported electrons. Altogether, four single electron transfers
are conducted to reduce one molecule of oxygen.

The Ky, values are also source-dependent and vary between 11 and 20 pmol.

2.1. Radical Mediators in Laccase Catalysis

While laccases have an inherently broad substrate specificity, the array of substrates capable of undergoing induced
oxidation is greatly increased by the addition of catalytic amounts of radical mediators 4. Such mediators include 2,2'-
azino-bis(3-ethylbenzothiazoline-6-sulfonic ~ acid) (ABTS), 2,2,6,6-tetramethyl-1-piperidinyloxy  (TEMPO), 1-
hydroxybenzotriazole (HOBT), N-hydroxyphthalimide (Figure 2), and other nitroxide-based mediators 24. The electron-
rich naphthalimide (HONI) has also been successfully employed for the enhanced oxidation of benzo-a-pyrene in water
mediated by Trametes versicolor laccase regio-electively modified with amphiphilic linear-dendritic block copolymers 231,
The notable advantage of this enzyme—copolymer complex was that both the mediator and the polyaromatic hydrocarbon
are highly hydrophobic but could selectively be bound by the dendritic blocks in the vicinity of the enzyme active site and
facilitate/undergo oxidation. Nitroxide-based radical mediators most often function as electron shuttles and are primarily
applied in reactions where the substrate is either incapable of fitting into the enzyme active site or unable to reach the
active site due to spatial limitations in substrate diffusion. The electron shuttle mechanism by which these mediators act is
widely accepted to occur via the laccase oxidation of the mediator’'s N-OH group, producing nitroxide radical N-O e
(Scheme 1). The resultant radical migrates from the enzyme active site to the substrate, where it can abstract a hydrogen
radical, oxidizing the substrate and regenerating the mediator (241,

ABTS HOBT HOPI HONI TEMPO

Z

Figure 2. Selected mediators. 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), ABTS; 1-Hydroxybenzotriazole,
HOBT; N-hydroxyphthalimide, HOPI; N-hydroxynaphthalimide, HONI and 2,2,6,6-tetramethylpiperidine-N-oxyl, TEMPO.
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Scheme 1. Oxidation of HOBT through laccase and electron transfer to substrate with concomitant regeneration of the
nitroxide radical mediator.

Alternatively, radical mediators may function as generators of oxidative species of larger redox potential, thereby
increasing the choice of substrates. An often-used mediator which utilizes this mechanism is ABTS (Scheme 2). During
the initial oxidation of ABTS (E° = 690 mV) by laccase (E° = 440-790 mV), the radical cation ABTS®*" is produced. Due to
the inherent instability of the radical-cation, it can spontaneously and reversibly form the dication ABTS** (E° = 1100 mV),
a strong oxidant capable of oxidizing many non-phenolic compounds (28],
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Scheme 2. Oxidation of ABTS dianion (top) to the radical cation (middle), and finally to the dication (bottom).



| 3. Laccase Catalysis: Commercial Applications

The success of laccases as biocatalysts in industrial applications is due primarily to their wide substrate specificity,
offering great catalytic adaptability. This versatility facilitated laccase usage in the pulp and paper industry, biofuel
production, food industry, manufacturing of textiles, and synthesis of small molecules, among others 24, Mimicking their
natural function in fungi, laccases are most often utilized in the pulp and paper industry as a catalyst to facilitate the
degradation of lignin in paper 2728 The removal of lignin, which imparts a yellow color, allows for the brightening of the
paper, with an identical method available for the bleaching of cotton. The use of laccase as a bleaching agent serves to
replace the historically used chlorine-containing reagents, which have proven to be environmental pollutants and
deleterious to ecological health. Biofuel production also utilizes laccase’s ability to degrade lignin in biomass, which would
otherwise inhibit the efficient hydrolysis of polysaccharides to produce ethanol 29, Laccase use in the food industry is
predominantly involved in the oxidation and removal of undesirable phenols in beverages via radical coupling
polymerization. The removal of these phenols in beverages such as wines, beers, and juices often provides stabilization,
clarification, and flavor enhancement B9,

Winemaking is one area that has exploited the beneficial activity of laccase through purification through the removal of
substances prone to oxidative transformation—antho-cyanins, coumaric acids, and flavans. It can also be used for
process monitoring and control by biosensing, as well as in the creation of a special class of wines known as Noble Rot
wines. The initial identification of oxidative enzymes (i.e., polyphenol oxidase and laccase) in the wine industry resulted
from research on brown pigmentation in white grape must and juice. This reaction occurs due to oxidizing dihydroxy
phenolic compounds to quinones, which, upon further oxidation, turn to brown pigments B[22 The first historical use of
laccase focused on the removal of the phenolic content to elucidate the stabilization of wine. Using laccase isolated from
Trametes versicolor, Brenna and Bianchi achieved a reduction in catechin with a model wine solution in the presence of
0, excess 28], Browning at 420 nm increased with each successive treatment, further supporting what Macheix et al.
suggested in 1991 B, The study also mentioned experiments carried out on Riesling grape must; however, no results
were reported regarding the effectiveness of the laccase bioreactor in removing the phenolic content directly from grape
must. In a more advanced study, Minussi et al. used capillary zone electrophoresis and the kinetics of phenol removal to
monitor the total phenolic content, total antioxidant potential, and polyphenols to determine the efficacy in using Trametes
versicolor laccase to treat grape must 24, Phenol degradation by laccase occurred very quickly for catechins, but slowly
for stilbenes and benzoic/cinnamic acid derivatives. Furthermore, in red musts, the treatment primarily showed reductions
in the must antioxidant properties, while white musts showed higher reductions in the total phenols rather than total
antioxidant potential. Therefore, it was concluded that laccase as a method for stabilizing wines is more feasible in white
grape musts, until selectivity studies for laccase from Trametes versicolor are conducted. In a 2013 study, the laccase-
catalyzed oxidation of gallic acid was compared to the chemically catalyzed procedure, and it was found that oxidative
kinetics increased 3-fold in the presence of laccase B2, Furthermore, the laccase released from Botrytis cinerea,
responsible for bunch rot in wine grapes, lead to a significant decrease in the phenolic content. Though not often desirable
due to its impact on wine color, there is a strong case for using laccase to reduce the total phenolic content in wines.

The initial method for measuring the polyphenol content in wine involved the use of the Folin-Ciocalteu reagent and
following the reaction spectrophotometrically B8, To improve upon this process, Gamella et al. suggested the
electrochemical estimation of the polyphenol index in wine using a laccase biosensor B4, Using Trametes versicolor
laccase, they found significant differences between the laccase immobilized on a glassy carbon electrode and the Folin-
Ciocalteu method. Furthermore, both methods had different specificities towards different phenolic compounds based on
chemical structures. Numerous other studies, however, showed comparable results to the Folin-Ciocalteu method,
including immobilized enzymes (laccase from Trametes versicolor and tyrosinase from mushroom) on graphite screen-
printed electrodes modified with ferrocene 28, on a platinum-silver electrode base sensor B2, and laccase from Trametes
versicolor and Trametes hirsuta using screen-printed electrodes of multi-walled carbon nanotubes as sensors 49, |n a
later study, another group used laccase purified from Ganoderma sp. Rckk02 immobilized on silver/zinc oxide
nanoparticles and electrochemically deposited onto a gold electrode. The oxidation potential was determined using
guaiacol and a good correlation was found between the spectrophotometric method and this one. Furthermore, the
biosensor was found to have retained 75% of its activity after 200 uses over 5 months 44,

Aside from improving wines through post-fermentation clarification, the fungus Botrytis cinerea can also produce a special
class of wines prior to grape harvest. The production of these sweet botrytized wines is credited as originating in the Tokaj
region of Hungary 42 and Schloss Johanisberg region of Germany 43, followed by the Sauternes region in France 4],
Today, these wines are also produced in regions of the United States, Australia, New Zealand, and South Africa, where
favorable conditions for noble rot exist @4, The development of desirable fungus infections, known as noble rot, occur
under ideal climatic and soil conditions—notably, constant water availability and in soils poor in nutrients 45, These



conditions most readily occur due to the stimulation of infection from nocturnal humidity, morning dew, or fog that occurs in
valleys or areas bordering bodies of water 8. Grapes impacted by noble rot exhibit the withering of the fruit that is
characteristic of overripening, and as such, contain a higher concentration of sugar and various aromatic hydrocarbons
that constitute the unique aromas present in noble rot wines. The process by which grapes achieve these desirable
attributes is due to the oxidation of aromatic metabolites through enzymatic reactions from laccase, producing new
compounds such as furfural, phenylacetaldehyde, and lactones, amongst others (47,

The textile industry also benefits from the laccase-catalyzed oxidation of colorless phenols and anilines (e.g.,
phenylenediamines and aminophenols) for the production of a diverse range of dyes [28, Laccases have additionally been
explored as catalysts in peptide synthesis 48 the oxidation of alcohols 29, the generation of iodine from iodide 2%, and
the synthesis of various anti-cancer drugs B and antibiotics 2.

| 4. Laccase Use in Bioremediation Applications

The implementation of oxidoreductases for use in bioremediation applications has developed into an expansive sub
discipline of biocatalysis. Laccase has specifically shown significant promise as a means of treating industrial effluents,
which often contain a myriad of hazardous chemicals. Laccase has thus far demonstrated the ability to effectively oxidize
a variety of compounds found in wastewaters, such as halogenated phenols 23134 and polyaromatic hydrocarbons 231551,
The unprecedented oxidation of fullerene Cgg in water was also achieved through a laccase/linear-dendritic copolymer
complex at close-to-ambient temperatures 28, It was made possible by the activity enhancing effect of the linear-dendritic
copolymer used—native laccase Ky = 26.2 umol; Vimay = 72.5 nmol-s™>mL™! vs. laccase—polymer complex values of 15.8
(Kw) and 101.2 (Vmay), respectively 551, This study is unique as it was able to trace for the first time a migration of potential
substrates from the enveloping polymer shell to the active site. It was achieved by monitoring the fluorescence of pyrene,
an environment-sensitive fluorophore that cannot be chemically transformed by the enzyme. It was established that
pyrene was almost instantaneously sequestered into the hydrophobic dendritic pockets anchored at the surface of the
enzyme and slowly migrated to the active site over a time span of more than 15 h (Figure 3), an important finding that
was used in subsequent “green” chemistry reactions with the same polymer—enzyme complex.

1-2 h © 49-22h

Figure 3. Substrate harvesting and migration to laccase active site, as revealed through spectrophotometric investigation
of pyrene fluorescence 8!,

The environmental benefits of this method compared to previously published procedures 24 were clearly distinguishable
(Scheme 3); nonetheless, the editors of Angewandte Chemie, The Journal of the American Chemical Society, Journal of
Molecular Catalysis B: Enzymatic, and Green Chemistry did not have the scientific courage to publish it, despite the solid
experimental proof and overly positive reviews.
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Scheme 3. Oxidation of fullerene Cgo. (A). Process mediated by laccase/linear-dendritic complex B8 green arrows
indicate oxygen entry to and products exit from the enzyme active site. (B) Process catalyzed through sequential
treatment with concentrated H,SO,4, concentrated HNO3, and 2N NaOH (57,

Laccase is also able to oxidize 28] or polymerize B2 bisphenol A and derivatives, polychlorinated biphenyls 89, dioxins
(61 and other phenolic compounds €2, known as mutagens and endocrine disruptors. The removal of these hazardous
chemicals by laccase occurs via radical mediated dehalogenation and/or oxidative polymerization, resulting in compounds
of markedly decreased toxicity and water solubility, lowering their environmental impact. Furthermore, laccase has been
validated to degrade various pharmaceuticals, with particular emphasis on steroids 3], antibiotics 4, and other

micropollutants 63!,

The decolorization of dyes in industrial effluents has also garnered significant attention. Due to their diverse composition,
the degradation of dyes in wastewater treatment necessitates a method capable of degrading a wide range of substrates.
The broad substrate specificity of laccase makes it an ideal candidate as a catalyst for the treatment of industrial effluents
for the textile industry, where dyes are commonly used. Laccase has demonstrated its viability in this role by successfully
oxidizing the most common classes of dyes used in the production of textiles, including azo (comprising mono-, di-, and
triazo compounds) 68, triphenylmethanes €4 indigo (€8], anthraquinone 9, and xanthene dyes /9. The implementation of
laccase as a catalyst in the degradation and decolorization of dyes from industrial effluents therefore serves to improve
water quality by decreasing the color, turbidity, and toxicity, while most notably avoiding the production of toxic arylamines.

| 5. Laccase-Catalyzed Polymerizations

Mirroring many of their natural functions, laccases have also been thoroughly studied as polymerization catalysts, with
many of their substrates being phenol, catechol, and aniline derivatives. An example of a phenolic compound (tyrosine)
polymerization mechanism is shown in Scheme 4 74 Notably, this substrate is strongly hydrophobic, but the
polymerization was accomplished in water facilitated by the same linear-dendritic copolymer complex.

OH Qe OH OH O
TV laccase
> - - -
o LD copolymer o] o] o] e
OH OH OH OH OH
NH, NH, NH, NH,; NH;

Scheme 4. Initial radical formation during the polymerization of tyrosine mediated by laccase/linear-dendritic copolymer
complex [, Red dots—productive radicals leading to C-C or C-O couplings; blue dot—nonproductive radical.

The oxo- and ortho-centered radicals participate in sequential polyaddition reactions. The resulting polymer behaves as a
typical poly-zwitterion, decreasing or increasing in size with changes in the pH of the aqueous medium 4. This behavior
hints at the flexible linear structure of the unnatural poly(tyrosine) chain, thus revealing the propagation mechanism, as
shown in Scheme 5.



(b)

Scheme 5. Suggested propagation mechanism through addition of tyrosine monomer radicals to the chain ends of
unnatural poly(tyrosine). (a) Addition to all C-C coupling chain; (b) addition to all C-O coupling chain.

A similar approach was used for the first-ever enzyme-mediated synthesis of dendronized self-assembling unnatural
poly(tyrosine), poly(tyr-Gn) 4. The number of repeating units that laccase was able to “stitch” in a polymer chain
depended on the dendron generation and decreased from 12 in poly(tyr-G1) to 9 for poly(tyr-G2) and 7 in poly(tyr-G3).
Nevertheless, all three polymers spontaneously aggregated in aqueous media into unique supramolecular structures.

A never-before attempted synthesis of multi-block copolymers by a single enzyme in a one-pot process was also recently
accomplished. Laccase catalyzed the first “quasi-living” copolymerization through the sequential addition of multiple
naturally derived phenolic comonomers conjugated with a model drug (ibuprofen) or fluorescent groups (fluorescein or
rhodamine) [Z3. The multi-block copolymers produced by the last method have low cytotoxicity and can undergo cellular
uptake, a good indication for their promising theragnostic potential. The published protocol opens promising pathways for
the construction of copolymers with properties tailor-made for specific applications

There are several reports on the laccase-mediated synthesis of poly(catechol), an electroactive polymer that is often
applied as a thin film in biosensing applications 4. Poly(phenyl ether), a commercially useful polymer due to its optical
clarity and high thermal and radiation resistance, has also been produced through an oxidative radical coupling and
subsequent decarboxylation of para-hydroxybenzoic acid derivatives 2,

The enzymatic synthesis of intrinsically conductive and thermally stable poly(aniline) has perhaps received the most
attention. In contrast to conventional methods of poly(aniline) synthesis using horseradish peroxidase 18 or oxidizing
reagents (L4, the use of laccase does not require stoichiometric amounts of oxidizer or hydrogen peroxide. Laccase
therefore provides a safe and inexpensive method of synthesizing poly(aniline), a polymer widely used in energy storage
devices, biosensors, and anticorrosion coatings [z8](z9]

The use of laccase as a polymerization catalyst is not, however, limited to phenolic substrates. Reports of laccase
facilitating the polymerization of vinyl monomers are numerous, with high molecular masses and yields often being
achieved. Unlike the polymerization of phenolic compounds, which occurs through oxidative radical coupling, in vinyl
polymerizations, laccase most often acts as a catalyst for polymerization initiation. Thus, it has been described as a
catalytic initiator for the atom radical transfer polymerization of N-vinylimidazole, producing a polymer of low dispersity for
use in drug delivery, fuel cell membranes, and polyionic liquids Y. More traditional laccase-catalyzed free radical
polymerizations conducted with acetylacetone as a radical mediator have used a variety of substrates, including
acrylamide U, methyl methacrylate, and styrene, for the synthesis of commercially significant polymers B2, A limited
number of laccase copolymers were formed by either vinyl comonomers 2 or phenolic and vinyl comonomers 3],
Phenolic comonomers were also grafted onto solid supports such as cellulose 4, although these have yet to attain
significant commercial value.
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