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Preface

Laccases (EC 1.10.3.2; p-diphenol:dioxygen oxidoreductase) are ubiquitous multi-
copper oxidases occurring in fungi, bacteria, plants, and insects. The variable
catalytic properties of the numerous and diverse members of this enzyme class
share the common characteristic of generating organic radical species as primary
oxidation products, which can give rise to both degradative and synthetic processes.
In the different groups of their producing organisms, laccases are implicated in
various biological functions such as lignin decomposition, detoxification of hazard-
ous compounds, morphogenesis, microbial interactions, pathogenesis, and lignin
biosynthesis. The considerable substrate promiscuity of laccases has resulted in a
steadily increasing range of different potential biotechnological applications. Among
these are bioremediation, especially with respect to treatment, detoxification, and
decolourization of various types of wastewaters and process effluents, and waste
valorization approaches. Here, substantial research and technology development
efforts have been made during the last few decades.

This Microbiology Monographs volume aims to present the current knowledge
with regard to fundamental characteristics of laccases and most recent advances in
the application of these enzymes in the fields of bioremediation and waste valoriza-
tion. The first three chapters (Mäkelä et al.: Fungal laccases and their potential in
bioremediation applications; Martins et al.: Bacterial laccases: some recent advances
and applications; and Giacobbe et al.: Old enzymes at the forefront of lignocellulosic
waste valorisation) provide general and comprehensive introductions of fungal and
bacterial laccases (i.e., the two most important enzyme groups from the application
viewpoint) and their practical applicability for bioremediation and lignocellulosic
waste valorization. The subsequent chapters deal with possible combinations of
laccases and further potentially cooperating enzymes (Haghbeen and Schlosser:
Laccases in the context of potentially cooperating enzymes), in-depth insights into
laccase immobilization for wastewater treatment (Vaithyanathan et al.: Immobilized
laccase—a promising bioremediation tool for the removal of organic contaminants
in wastewater; and Ariste and Cabana: Challenges in applying cross-linked laccase
aggregates in bioremediation of emerging contaminants from municipal wastewater),
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and environmental biosensor applications of laccases (Parra-Arroyo et al.: Laccase-
assisted cues: state-of-the-art analytical modalities for detection, quantification, and
redefining “removal” of environmentally related contaminants of high concern).
Finally, the quest for enzymes with improved and better fitting properties is addressed
in two chapters dealing with laccase engineering by directed and computational
evolution (Mateljak et al.: Laccase engineering by directed and computational evolu-
tion) and novel enzymes from extreme environments (Pérez-Llano et al.: Laccases
from extremophiles), respectively.

We would like to express our gratitude to all authors for their substantial efforts
and their enthusiastic engagement in preparing the individual chapters. Also, I
(Dietmar Schlosser) am grateful to Alexander Steinbüchel (the Series Editor of
Microbiology Monographs) and Springer Nature for giving me the opportunity to
edit this book. The help and advice of Bibhuti Bhusan Sharma, the Production Editor
in charge of the book project, and of the Associate Editor Markus Späth during all
phases of the writing and publishing process is further gratefully acknowledged. We
hope very much that this Microbiology Monographs volume, which tackles the
fascinating field of laccases, will be appreciated by the readers.

Leipzig, Germany, Dietmar Schlosser
Münster, Germany Alexander Steinbüchel
April 2020

vi Preface



Contents

Fungal Laccases and Their Potential in Bioremediation Applications . . . 1
Miia R. Mäkelä, Marja Tuomela, Annele Hatakka, and Kristiina Hildén

Bacterial Laccases: Some Recent Advances and Applications . . . . . . . . 27
Lígia O. Martins, Eduardo Pinho Melo, Antonio Sanchez-Amat,
and Maria Paula Robalo

Old Enzymes at the Forefront of Lignocellulosic Waste Valorization . . . 57
Simona Giacobbe, Cinzia Pezzella, Giovanni Sannia,
and Alessandra Piscitelli

Laccases in the Context of Potentially Cooperating Enzymes . . . . . . . . . 79
Kamahldin Haghbeen and Dietmar Schlosser

Immobilized Laccase: A Promising Bioremediation Tool for the
Removal of Organic Contaminants in Wastewater . . . . . . . . . . . . . . . . . 115
Vasanth Kumar Vaithyanathan, Abiram Karanam Rathankumar,
Vinoth Kumar Vaidyanathan, and Hubert Cabana

Challenges in Applying Cross-Linked Laccase Aggregates in
Bioremediation of Emerging Contaminants from Municipal
Wastewater . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
Arielle Farida Ariste and Hubert Cabana

Laccase-Assisted Cues: State-of-the-Art Analytical Modalities for
Detection, Quantification, and Redefining “Removal”
of Environmentally Related Contaminants of High Concern . . . . . . . . . 173
Lizeth Parra-Arroyo, Roberto Parra-Saldivar,
Ricardo A. Ramirez-Mendoza, Tajalli Keshavarz, and Hafiz M. N. Iqbal

vii



Laccase Engineering by Directed and Computational Evolution . . . . . . 191
Ivan Mateljak, Bernardo Gomez-Fernandez, and Miguel Alcalde

Laccases from Extremophiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
Yordanis Pérez-Llano, Heilyn Pérez Soler, Axel Ramírez Olivano,
Jorge Luis Folch-Mallol, Hubert Cabana,
and Ramón Alberto Batista-García

Correction to: Laccases in the Context of Potentially Cooperating
Enzymes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C1
Kamahldin Haghbeen and Dietmar Schlosser

viii Contents



Fungal Laccases and Their Potential
in Bioremediation Applications

Miia R. Mäkelä, Marja Tuomela, Annele Hatakka, and Kristiina Hildén

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2 Fungi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
3 Structural Characteristics and Reaction Mechanisms of Fungal Laccases . . . . . . . . . . . . . . . . . . 4
4 Laccase Mediators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
5 Recombinant Production of Fungal Laccases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
6 Wastewater Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
7 Bioremediation of Soil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

Abstract Basidiomycete white rot and litter-decomposing fungi secrete unspecific
oxidative enzymes for degradation of aromatic polymer lignin. Recalcitrant
organopollutants with structural similarities to lignin can also be degraded by
these enzymes, i.e., laccases and class II heme peroxidases. Laccases belong to a
superfamily of multicopper oxidases, which have been characterized in basidiomy-
cete and ascomycete fungal species. Laccases catalyze one-electron transfer reac-
tions from phenolic and low-redox-potential compounds with the concomitant
reduction of molecular oxygen to water. In the presence of small molecular weight
mediator compounds, the substrate spectrum of laccases expands to non-phenolic
molecules and larger organic polymers. Fungal laccases have broad substrate range,
and therefore they have attracted attention as “green catalysts” in different areas of
biotechnology including bioremediation. Applications for fungal laccases are found
in wastewater treatment, detoxification, and decolorization of industrial effluents as
well as in bioremediation of contaminated soils. In this chapter, we describe the
properties of fungal laccases, their reactions with mediator compounds, and their
recombinant production in different host organisms. We also discuss the potential
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and challenges as well as the recent trends of the use of fungal laccases in bioreme-
diation of wastewaters and soils contaminated with various xenobiotics.

1 Introduction

Bioremediation has been acknowledged to be environmentally friendly and an
economically viable way to treat toxic and recalcitrant, usually xenobiotic com-
pounds. The conversion of different pollutants in soil, compost, or effluents by
microbial activities has been recognized. The characteristics of bacterial species,
such as their ability to grow in various environments and to use several types of
compounds as nutrient sources, make them suitable for several applications in
bioremediation. By contrast, fungi as eukaryotic organisms grow on milder condi-
tions, such as in more narrow temperature range, and usually require aerobic
conditions, although fungi inhabiting extreme environments also exist. However,
many saprotrophic wood- and litter-decomposing fungi produce high redox poten-
tial, unspecific extracellular oxidative enzymes that are targeted to degrade the most
recalcitrant natural polymer, aromatic lignin (Hatakka 2005). Therefore, interest in
bioremediation by fungi has focused mainly on aromatic compounds, which are
often large molecules impossible to be degraded intracellularly by bacteria (Tuomela
and Hatakka 2011). These compounds remain totally or partially non-degraded, e.g.,
in activated sludge wastewater treatment plants, and thus end up in the water system.
In soil, xenobiotics are often in aged form and typically bound to humic substances
(Bollag and Myers 1992). It is proposed that fungi degrade these pollutants predom-
inantly with their lignin-modifying enzymes, i.e., laccases and lignin-modifying
peroxidases, and therefore bioremediation studies have focused on white rot and
litter-decomposing fungi (Qayyum et al. 2009).

Besides cellulose and hemicellulose, lignin is one of the three main polymers in
the cell walls of the lignified plants. Wood-degrading white rot fungi and soil litter-
decomposing fungi have a key role in the carbon cycle on Earth, since they are the
only organisms which are able to efficiently degrade and even mineralize lignin
(Hatakka 2005). Lignin degradation by white rot fungi has been intensively studied
for decades, mostly for biotechnical applications in the pulp and paper industry, in
the treatment of effluents from pulp mills or textile industry, and in soil
bioremediation.

Bioremediation of wastewaters has focused on textile dyes, personal care prod-
ucts and pharmaceuticals (PCPPs), and endocrine disrupters (endocrine-disrupting
chemicals, EDCs), i.e., compounds that mimic natural hormones (Wesenberg et al.
2002; Solís et al. 2012; Auriol et al. 2007; Husain and Qayyum 2013). The polluting
compounds in soil systems are polyaromatic hydrocarbons (PAHs), halogenated
compounds (chloro- or bromophenols, polychlorinated biphenyls (PCBs), and
polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/F)),
various agrochemicals used as pesticides or herbicides, and nitroaromatics, such as
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trinitrotoluene (TNT) used in explosives (Steffen and Tuomela 2011). These com-
pounds originate typically from wood treatment, gas works, and military activities.
For all these contaminant groups, degradation by white rot fungi has been demon-
strated, and several studies with fungal oxidative enzymes have also been performed
in vitro.

Enzymes as environmentally friendly industrial biocatalysts can contribute con-
siderably to bioremediation processes. Due to their ability to unspecifically oxidize a
broad range of substrate molecules by reducing molecular oxygen to water, fungal
laccases are attractive enzymes for the treatment of water and soil systems contam-
inated with various organopollutants. In addition, the common ability of fungi from
different ecophysiological groups to produce several laccase isoenzymes together
with the availability of several commercially produced fungal laccases has allowed
testing of these enzymes for degradation of xenobiotic compounds in different
bioremediation systems (e.g., Asif et al. 2017; Bilal et al. 2017; Herkommerová
et al. 2018; Barrios-Estrada et al. 2018; Becker et al. 2016; Singh et al. 2015). The
increasing number of fungal whole genome sequences has provided a wealth of
laccase candidates (de Vries et al. 2017; Floudas et al. 2012; Floudas et al. 2015;
Riley et al. 2014). Furthermore, the recent advancements in genetic engineering and
genome editing techniques will allow more economically feasible recombinant
production of fungal laccases as well as improvement of their biochemical properties
towards bioremediation applications (Kun et al. 2019).

2 Fungi

More than 90% of all wood-rotting basidiomycetes cause white rot type of wood
decay (Eriksson et al. 1990; Hatakka and Hammel 2010). White rot fungi are a
heterogeneous group of species, which are more commonly found on angiosperm
than on gymnosperm tree species in nature (Eriksson et al. 1990). After white rot
fungi have degraded lignin from wood cell walls, the wood is characteristically white
or yellowish and has soft, fiber-like structure. Litter-decomposing basidiomycete
fungi live in soil environments in the humus layer of forests and grasslands decaying,
e.g., dead leaves and needles. Their decay process results in the formation of
so-called white rot humus. Lignin modification system of litter-decomposing species
has shown that some species are capable of lignin degradation, although to a lesser
extent than wood-rotting fungi (Steffen et al. 2000). They also possess similar
oxidative enzymes, i.e., laccases and class II heme peroxidases, as wood-rotting
white rot species (Lundell et al. 2014). Since litter-decomposing fungi are able to
colonize and dwell in soil and obviously successfully compete with other soil
microbes, these fungi and their enzymes are considered to be ideal for treatment of
contaminated soils.

Wood-rotting brown rot fungi are basidiomycetes that mainly decompose the
cellulose and hemicellulose components of wood and modify lignin only to a limited
extent (Eriksson et al. 1990). Brown-rotted wood is dark, shrinks, and typically
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breaks into brick-shaped or cubical fragments that easily break down into brown
powder. Only a small proportion, roughly 7%, of the known wood-degrading
basidiomycete species belongs to brown rot group, which occurs most frequently
on gymnosperm wood (Eriksson et al. 1990). Phylogenetic analyses have suggested
that most brown rot fungi evolved repeatedly from white rot species, most likely by
the selective loss of some biodegradation mechanisms (Floudas et al. 2012). Brown
rot fungi lack class II heme peroxidases, but laccase-encoding genes are present in
almost all studied brown rot species.

Ascomycota is a large and diverse phylum of fungi, including yeasts and fila-
mentous fungi, and they can be found in a wide range of biotopes. Saprobic
ascomycetes, which are able to degrade plant biomass, are also the main recombi-
nant enzyme-producing species in industry (Mäkelä et al. 2014). Ascomycetous soft
rot fungi are mostly soil-inhabiting species with intermediate capabilities to degrade
wood. They typically attack wood in wet environments resulting in brownish, soft,
and sponge-like wood, which cracks when dry. Soft rot-causing fungi depolymerize
cellulose and hemicelluloses rapidly and are able to convert lignin to some extent
(Liers et al. 2006; Shary et al. 2007). Although these fungi do not produce heme
containing lignin-modifying peroxidases, they possess genes encoding multicopper
oxidases (MCOs) and laccases, the biological role of which is not clear (Levasseur
et al. 2010). Laccase production has been also described in non-wood-degrading
ascomycete species such as in thermophilic Myceliophthora thermophila and plant
pathogenic Melanocarpus albomyces (Kiiskinen et al. 2002) and Magnaporthe
grisea fungi (Iyer and Chattoo 2003).

3 Structural Characteristics and Reaction Mechanisms
of Fungal Laccases

Laccases (EC 1.10.3.2. diphenol:oxygen oxidoreductase) are four-copper-
containing metalloenzymes, which belong to Auxiliary Activities (AA) 1_1 family
in the Carbohydrate-Active enZymes (CAZy) database (www.cazy.org). Most white
rot fungi produce laccases (Baldrian 2006), but they are widely distributed in nature
and also present in other fungi and higher plants, and laccase-like multicopper
oxidases (MCOs) are found even in bacteria and archaea.

Laccases and MCOs display a highly conserved three-dimensional structure,
which consists of four substrate binding loops and four highly conserved signature
sequences with amino acids that act as copper ligands. Fungal MCO superfamily
forms a phylogenetically divergent group of so-called blue oxidases, which can be
phylogenetically divided into subfamilies including sensu stricto laccases, Fe2+-
oxidizing Fet3-type ferroxidases, pigment-synthesizing laccase-like enzymes, and
putative ascorbate oxidases (Kües and Rühl 2011). Fungal laccases are thought to
participate, e.g., in lignocellulose decay, morphogenesis, plant-pathogen
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interactions, and stress defense (Baldrian 2006; Thurston 1994). However, some
white fungi lack genes encoding sensu stricto laccases.

Laccases have broad substrate specificity including phenols, polyphenols, aro-
matic amines, thiols, and heterocyclic compounds as well as inorganic ions (Solo-
mon et al. 1996; Xu et al. 1996).

They catalyze four consecutive one-electron transfer reactions from various sub-
strates to corresponding radicals utilizing molecular oxygen as the oxidant (Baldrian
2006; Thurston 1994). The electrons withdrawn from the reducing organic substrates
are transferred to molecular oxygen with concomitant production of water according
to the overall reaction:

4 benzenediolþ O2 $ 4 benzosemiquinoneþ 2 H2O

The crystal structures of the ascomycete laccases (f.ex. M. albomyces, Thielavia
arenaria) and several basidiomycetes laccases (f.ex. Coprinus cinerea, Trametes
versicolor, and Lentinus tigrinus) have been solved and summarized in Hakulinen
and Rouvinen (2015). All structures exhibit a similar three cupredoxin domain
architecture. The copper atoms located in two centers (T1, T2/T3) play a key role
in the reduction of oxygen to water. The T1 site contains the mononuclear Cu1,
while Cu2, Cu3a, and Cu3b are located in the T2/T3 trinuclear center (Morozova
et al. 2007a, b; Solomon et al. 1996). The substrate binding site is located in a
negatively charged cavity near to the T1 site (Fig. 1) (Hilden et al. 2013). Cu1 is the
primary electron acceptor site in a laccase-catalyzed oxidation. Highly conserved
amino acid residues (ten His and one Cys) coordinate the copper atoms, and the
electrons from T1 Cu are sequentially transferred to the trinuclear cluster, where
oxygen is reduced to water. In the resting form, laccase is oxidized having all four
coppers in the 2+ state (Solomon et al. 1996). A substrate donates four electrons,
which are transferred one at a time to trinuclear copper cluster resulting in reduced
form of the enzyme. The fully reduced trinuclear center reacts with oxygen gener-
ating two oxygen-bound intermediates (Augustine et al. 2010). First, the
two-electron reduced species, i.e., peroxide intermediate, is formed followed by
the four-electron reduced species, i.e., native intermediate. The catalytic cycle is
terminated when the native intermediate is decayed to the fully oxidized resting
form.

More than 100 fungal laccases have been purified and characterized (www.
brenda-enzymes.org). Typically, fungal laccases are globular extracellular enzymes
(Baldrian 2006). They have acidic pIs and pH optimum between 2 and 7. Laccases
from white rot fungi usually have molecular masses of 60–80 kDa, and they are
glycosylated. In the case of extracellular laccases, glycosylation is needed for
secretion as well as thermal stability, conformational stability, and protection from
proteolysis (Morozova et al. 2007a, b).
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4 Laccase Mediators

Laccases are able to directly oxidize substrates with relatively low redox potentials
such as phenols (0.5–1.0 V) (Bourbonnais et al. 1998; Tadesse et al. 2008).
Non-phenolic lignin units with high redox potential (over 1.5 V) are above the
oxidation capacity of fungal laccases and therefore cannot be directly oxidized.
However, in the presence of diffusible electron carriers, so-called laccase redox
mediator compounds, oxidation of larger molecules and even delignification are
possible by laccase (Fig. 2) (Call and Mücke 1997).

Redox mediators are small molecules, which can act as electron shuttles between
the oxidant and the target substrate. Oxidized mediator released from the active site
of laccase is able to perform oxidative reactions on substrates, which have too high
redox potential for laccases (Canas and Camarero 2010). Thus, mediators can
expand the substrate repertoire of laccases by oxidation of non-phenolic substrates
as well. The ideal mediator is a good substrate for laccase and stable in its oxidized
form. Preferably, the oxidation capacity is high without inhibition or degradation of

Fig. 1 Superimposition of amino acid residues close to the T1-Cu active site of the modeled
structure of the white rot fungus Obba rivulosa (syn. Physisporinus rivulosus) Lcc1 (green),
O. rivulosa Lcc2 (red), and crystal structure of T. versicolor laccase (LacIIIb, PDB accession
1KYA [purple]) with the co-crystallized substrate analog 2,5-xylidine. Reprinted by permission
from: Springer Nature, Applied Microbiology and Biotechnology, Heterologous expression and
structural characterization of two low pH laccases from a biopulping white-rot fungus
Physisporinus rivulosus, Hilden K, Mäkelä MR, Lundell T, Kuuskeri J, Chernykh A,
Golovleva L, Archer DB, Hatakka A, © 2013
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laccase. In addition, the mediator should in ideal case perform many redox cycles
without degradation, and it should not produce unwanted side reactions.

Redox mediators can be classified as natural and synthetic mediators. Although
over 100 redox mediators have been reported, most of them have been proven
inefficient due to the instability of their intermediates resulting in incomplete
redox cycles and poor substrate oxidation (Bourbonnais et al. 1998; Díaz González
et al. 2009; González Arzola et al. 2009). Some of these compounds act as
co-oxidants or activators of laccase rather than mediators and are consumed in the
reaction. The common synthetic mediators are, for example, 2,20-azino-bis-3-
ethylthiazoline-6-sulfonate (ABTS), 1-hydroxybenzotriazole (1-HBT),
N-hydroxypthalimide (HPI), violuric acid (VA), and 2,2,6,6-tetra methyl-1-
piperidinyloxy free radical (TEMPO) (Christopher et al. 2014). Despite the oxidative
efficiency, they are needed in large amounts for industrial-scale oxidation processes
that raises the costs. In addition, many mediators are possible environmental hazards
themselves. For that reason identification of other alternatives, so-called natural
mediators, has been in focus in order to substitute synthetic compounds (Cho et al.
2004; Camarero et al. 2005, 2007). Natural compounds from plants or industrial
by-products have been searched to find an ideal redox mediator, and lignocellulose-
derived syringyl-type plant phenolics seem to be promising substrates for laccases.
They are potentially inexpensive and available, e.g., in industrial hardwood pulping
waste (Camarero et al. 2005; Canas and Camarero 2010).

Synthetic laccase mediators are widely investigated for applications such as
boosting bleaching of pulp in the pulp and paper industry, bleaching of textiles,
and enhancing the efficiency in the degradation of environmental contaminants. In
bleaching of paper pulp, the most frequently studied mediators are ABTS, HBT, and
VA (Johannes and Majcherczyk 2000). For the degradation of contaminants such as
PAHs, herbicides, or recalcitrant dyes, various natural mediators have been screened
with laccase (Johannes and Majcherczyk 2000; Cañas et al. 2007; Maruyama et al.
2006; Camarero et al. 2005). The highest degradation was achieved with
4-hydroxybenzoic acid (HBA), which enhanced the degradation of PAH by laccase
almost as much as HBT (Johannes and Majcherczyk 2000; Maruyama et al. 2006).
However, the degradation degree of a urea herbicide dymron ((1-R0,R-

Fig. 2 Laccase-catalyzed oxidation of substrate in the presence of low molecular weight mediator
compound. Reprinted from Biochimica et Biophysica Acta 1379 (3), Bourbonnais R, Leech D,
Paice MG, Electrochemical analysis of the interactions of laccase mediators with lignin model
compounds, 381–390, © 1998, with permission from Elsevier
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dimethylbenzyl)-3-(4-methylphenyl) urea) was much lower with HBA compared to
synthetic mediators (Maruyama et al. 2006). In screening of 44 natural mediators,
none was as efficient as ABTS for decolorization of dyes by Pycnoporus
cinnabarinus laccase (Camarero et al. 2005). Nevertheless, p-coumaric acid was
able to enhance PAH degradation even more than ABTS (Cañas et al. 2007).
Laccase mediators suggested for bioremediation are comprehensively listed in
Majeau et al. (2010).

Mediators may also prevent polymerization of reactive products, as in addition to
degradation laccases catalyze polymerization of contaminants (Leontievsky et al.
2001). In many cases, polymerization detoxifies the contaminants, but the handling
of the formed polymers may cause an additional effort, especially if a large amount
of polymeric material is produced.

So far, there has been limited utilization of laccase-mediator system in industrial
applications (Christopher et al. 2014). The drawbacks of using laccase redox medi-
ators are their high cost in the amounts required in large-scale oxidation processes or
insufficient environmental safety (Morozova et al. 2007b). Also, the major problem
in the use of synthetic mediators is the instability of intermediates formed during
enzymatic reactions. This results in incomplete redox cycles or poor substrate
oxidation.

5 Recombinant Production of Fungal Laccases

Laccases are excellent catalysts for industrial processes, since they are relatively
robust and can be used in the presence of various organic solvents. Several reviews
have summarized their role in biotechnological, chemical, and industrial applications
that show the great interest in laccases (Ba and Vinoth Kumar 2017; Mayer and
Staples 2002; Riva 2006; Rodriguez Couto and Toca Herrera 2006; Senthivelan
et al. 2016). In industrial processes, large quantities of enzyme are required. Opti-
mization of expression conditions and enzyme properties are therefore essential for
increasing market demand. Improved characteristics of laccase, including increased
activity or better stability, can be achieved by protein engineering, i.e., DNA
“shuffling” methods, directed evolution, or site-directed or random mutagenesis
(Bulter et al. 2003; Mate and Alcalde 2015; Mateljak et al. 2019).

Various fungal laccases have been produced recombinantly in eukaryotic hosts
such as in fungi (Pichia pastoris, Saccharomyces cerevisiae, Aspergillus niger) and
plants (de Wilde et al. 2008; Wang et al. 2004; Sonoki et al. 2005). However, the
activity of fungal laccases produced in plants has been lower than in those produced
in fungal hosts (Sakamoto et al. 2008; Nakagawa et al. 2010). Commercial laccase
preparations originating from both ascomycete and basidiomycete species are avail-
able. As examples, commercially produced laccases from the basidiomycete white
rot species are those from Cerrena unicolor (Jena Bioscience), Agaricus bisporus,
and T. versicolor (ASA Spezialenzyme GmbH and Sigma-Aldrich). The laccase
from the thermophilic ascomycete M. thermophila has been commercialized by
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Novozymes (Mate and Alcalde 2017), and the ascomycete Aspergillus sp. laccase is
sold by Sigma-Aldrich.

P. pastoris and S. cerevisiae are the most commonly used yeast hosts for
heterologous expression of laccases due to the various production strains and vectors
available for these species. Other yeast species such as Kluyveromyces lactis, Pichia
methanolica, and Yarrowia lipolytica have been also employed as hosts for laccase
production (Table 1). K. lactis, S. cerevisiae, and Y. lipolytica are generally regarded
as safe (GRAS) organisms, which are beneficial when producing proteins for food or
medical applications. High activity levels, up to 7200 U/l, have been achieved with
laccase from the ascomycete species Cyathus bulleri produced in P. pastoris (Garg
et al. 2012). The protein yield of most laccases is below 50 mg/l when produced in
yeast hosts. The highest yields have been reported for laccases from the plant
pathogen species Botrytis aclada and Moniliophthora roreri produced in
P. pastoris (Kittl et al. 2012).

A. niger is a well-known filamentous ascomycete host that produces high levels
of recombinant enzymes for many industrial applications (Cairns et al. 2018). While
overall expression of basidiomycete laccases in Aspergillus species is successful, the
production levels may vary significantly (Table 1). The production of laccases has
reached the activity levels in the range of 592–774,000 U/l (Téllez-Jurado et al.
2006; Hatamoto et al. 1999). The potential of A. niger as a host for industrial enzyme
production has been shown by expression of T. versicolor laccases ending to much
higher yield compared to expression of these genes in P. pastoris (Bohlin et al.
2006). Together with Aspergillus species, T. reesei is the most commonly used
filamentous fungus for industrial production of heterologous and homologous pro-
teins. The production levels reported for M. albomyces laccase expression in
T. reesei, from 200 to 920 mg/l, are among the highest recombinant laccase yields
(Becker et al. 2016; Kiiskinen et al. 2004).

6 Wastewater Treatment

Numerous studies have focused on bioremediation of wastewaters by fungal
laccases. Particularly, degradation and conversion of industrially used dye com-
pounds, personal care products and pharmaceuticals (PCPPs), and endocrine-
disrupting chemicals (EDCs) have gained significant interest (Wesenberg et al.
2002; Solís et al. 2012; Auriol et al. 2007; Husain and Qayyum 2013) due to their
possible harmful impacts on, e.g., aquatic ecosystems and public health (Asif et al.
2017).

In general, purified fungal laccases have been shown to more effectively remove
phenolic than non-phenolic compounds from aqueous systems (Asif et al. 2017).
However, because of the different physicochemical properties of the non-phenolic
compounds, laccases can degrade notably high levels of, for example, ibuprofen, a
common anti-inflammatory drug with non-phenolic benzene ring structure. It should
be noted that better degradation of the pollutants has often been achieved with fungal
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Table 1 Recombinant fungal laccases and their production yields in yeasts and filamentous fungi

Laccase
(GenBank
accession no) Host

Source of the
native protein

Production
level (mg/l) References

AJ571698 Saccharomyces
cerevisiae

Melanocarpus
albomyces

3–7 Andberg et al. (2009)

AY397783 Trametes
sp. C30

2 Klonowska et al.
(2005)

JN559771 Pichia pastoris Botrytis aclada 495 Kittl et al. (2012)

FJ473385 Ganoderma
lucidum

6 You et al. (2014)

KY111767 Moniliophthora
roreri

1000 Bronikowski et al.
(2017)

AF297228 Pleurotus sajor-
caju

4.85 Soden et al. (2002)

AF170093 Pycnoporus
cinnabarinus

8 Otterbein et al. (2000)

AJ294820,
AM292415

Trametes trogii 17–286 Colao et al. (2006,
2009)

X84683, Y18012 Trametes
versicolor

4.9–100 Bohlin et al. (2006),
Huang et al. (2016)

AF388910 Trametes
sp. AH28-2

4 Hong et al. (2006)

JF719545 Y. lipolytica 4.9 Kalyani et al. (2015)

AF025481 Kluyveromyces
lactis

P. cinnabarinus 5 Lambertz et al. (2016)

AJ005018,
Z34848

Pleurotus
ostreatus

1.6–1.9 Piscitelli et al. (2005)

AF170093 Yarrowia
lipolytica

P. cinnabarinus 20 Madzak et al. (2005)

AF414109 T. versicolor 2.5 Jolivalt et al. (2005)

AF170093 Aspergillus
niger

P. cinnabarinus 70 Record et al. (2002)

EF446161 Phanerochaete
flavido-alba

30 Benghazi et al. (2014)

CAA06291,
AJ005018

P. ostreatus 13 Macellaro et al. (2014)

AY397783 Trametes
sp. C30

840 Mekmouche et al.
(2014)

AAD30964 Aspergillus
oryzae

Coprinopsis
cinerea

135 Yaver et al. (1999)

T10922 Myceliophthora
thermophila

19 Berka et al. (1997)

AF170093 P. cinnabarinus 80 Sigoillot et al. (2004)

CAE00180 Trichoderma
reesei

M. albomyces 200–920 Kiiskinen et al. (2004),
Andberg et al. (2009)

CAA36379 Phlebia radiata 19.5 Saloheimo and Niku-
Paavola (1991)

U44851, U44431 T. versicolor 800–1000 Baker and White
(2001)
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crude enzyme preparations (Nguyen et al. 2014a, b, 2015; Lloret et al. 2010), which
may be due to the presence of natural mediator compounds in these mixtures as well
as the combinatorial effect of several fungal oxidative enzymes. In addition, the
degradation of non-phenolic compounds and the repertoire of compounds affected
by fungal laccases can be improved by including laccase mediator compounds to the
reaction system (Nguyen et al. 2016; Ashe et al. 2016; Margot et al. 2015).
Typically, the major obstacle in using the laccase mediators is their high production
cost, thus often making the enzymatic treatments economically unfeasible.

Due to their unspecific catalytic action, laccases have high potential for detoxi-
fication and decolorization of industrial effluents contaminated with synthetic dyes
of different chemical structures. These complex aromatic compounds originating
from textile, food, pharmaceutical, printing, paper, and chemical industries include
compounds such as azo dyes, triphenylmethane, indigo, and anthraquinone dyes
(Legerská et al. 2016). Only industrial textile dyeing processes have been approx-
imated to discharge 280,000 tons of xenobiotic dye compounds as wastewater
annually (Jin et al. 2007). In addition to their toxicity and potentially carcinogenic
or mutagenic effects, these compounds can cause increased biochemical and chem-
ical oxygen demand levels in wastewaters.

High-redox-potential fungal laccases are especially suitable for degradation of
recalcitrant azo dyes that represent up to 70% of industrially used dyes (Wang et al.
2013). Notably, satisfactory degradation of these dyes can be achieved even without
addition of laccase mediator compounds. For example, purified T. versicolor laccase
has been reported to efficiently decolorize azo dyes amaranth and Remazol brilliant
blue R without mediators (Champagne and Ramsay 2005). Complete decolorization
of azo and also anthraquinone dyes by crude and purified C. unicolor laccase has
been observed without a mediator when sufficient amount of enzyme was used and
when incubation time was extended (Michniewicz et al. 2008). The litter-
decomposing fungus Podoscypha elegans was shown to decolorize five azo dyes
commonly used in textile industry by producing remarkable laccase and low man-
ganese peroxidase activity under the studied conditions (Pramanik and Chaudhuri
2018). However, aromatic amines that are reduced intermediates of azo dyes are
more toxic than the original dye compounds (Gomi et al. 2011). Therefore, in
addition to the degree of decolorization, it is crucial to determine the nature and
toxicity of the resulting compounds.

Immobilization often improves the reusability and biochemical properties of
fungal laccases (Fernández-Fernández et al. 2013; Bilal et al. 2017). Immobilization
of purified T. hirsuta laccase has been shown to enhance the efficiency of the
degradation of triarylmethane, indigo, azo, and anthraquinone dyes by increasing
thermal stability and inhibitor tolerance of the enzyme (Abadulla et al. 2000).
Approximately 90% of the azo dye amaranth was decolorized with immobilized
laccase from the ascomycete fungus C. bulleri in the presence of laccase mediator
(Chhabra et al. 2015). Use of nanotechnology-based support materials for laccase
immobilization offers several advantages: degradation of contaminant is even faster
and more efficient than with free laccase or other laccase immobilization materials
(Dai et al. 2011; Ji et al. 2016; Koyani and Vazquez-Duhalt 2016). Also,
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recombinant laccases have been tested for decolorization and detoxification of dyes
and textile industry wastewaters. The laccases from the ascomycete M. thermophila
and the basidiomycete T. trogii, produced in S. cerevisiae, were able to decolorize
triphenylmethane, azo, and anthraquinone dyes as well as textile industry wastewater
samples (Herkommerová et al. 2018). In most cases, the decolorization rates were
increased when HBT mediator was added to the reaction mixtures. It is noteworthy
that some dye compounds such as anthraquinone can act as laccase mediator for
degradation of azo dyes (Zeng et al. 2012; Senthivelan et al. 2016).

During the last decades, there has been increasing concern about EDC molecules
that disturb the endocrine system of different organisms. These include synthetic
compounds used in plastic industry, such as bisphenols and phthalates, antibacterial
agent triclosan (TCS), and nonionic surfactant biodegradation metabolite
nonylphenol (NP) among many others. EDCs have been detected in treated waste-
water effluents, in groundwater, as well as in drinking water (Snyder 2008), and
extensive research has been concentrated on their removal by fungal enzymes
(reviewed by Barrios-Estrada et al. 2018).

Both native and recombinant fungal laccases have been shown to be potent
candidates for removal of EDCs with and without mediators as well as in
immobilized systems. Degradation of bisphenol A (2,2-bis(4-hydroxyphenyl)pro-
pane; BPA) has been demonstrated with several white rot species from the genus
Trametes (e.g., Ji et al. 2009; Fukuda et al. 2001, 2004; Spina et al. 2015; Hongyan
et al. 2019), which are generally known as good laccase producers. The litter-
decomposing fungi Stropharia coronilla and Stropharia rugosoannulata also pro-
duced laccases during conversion of BPA (Kabiersch et al. 2011). As an example of
ascomycete laccases, the commercial Aspergillus oryzae laccase with
syringaldehyde as a mediator removed over 95% of BPA when continuous enzy-
matic membrane reactor was applied (Nguyen et al. 2014a). Also laccases from the
white rot fungus Pycnoporus sanguineus are efficient degraders of common EDCs
NP and TCS as shown by the two purified thermostable laccases as well as the crude
culture supernatant from this fungus (Ramírez-Cavazos et al. 2014). Often, the
fungal laccases that are effective against BPA also remove NP and TCS (Cabana
et al. 2007; Spina et al. 2015; Dai et al. 2015). Even a field-scale experiment has been
performed with a commercial laccase from the ascomycete fungus Thielavia
sp. (AB Enzymes, Germany), in which biologically purified domestic and industrial
wastewater containing BPA was further treated with laccase and 66% removal of
BPA was achieved (Gasser et al. 2014).

One of the current global challenges is prevention of the spreading of the
antimicrobial resistance. Therefore, efficient removal and degradation of antibiotics
from wastewaters, ranging from municipal wastewaters to those from hospitals and
pharmaceutical industry, is crucial. In recent years, there has been a rapid increase in
utilization of laccases for removal of antibiotics. The target compounds in these
studies include penicillins, tetracyclines, sulfonamides, quinolones, trimethoprim,
sulfamethoxazole, and tetracycline (reviewed by Yang et al. 2017). Several studies
have been conducted with commercially available T. versicolor laccase (Sigma-
Aldrich, Fluka), and in general, mediator compounds have been observed to enhance

12 M. R. Mäkelä et al.



the degradation of the antibiotics (Becker et al. 2016; Kumar and Cabana 2016;
Margot et al. 2015; Rodriguez-Rodriguez et al. 2012; Llorca et al. 2015; de Cazes
et al. 2014; Ashrafi et al. 2016; Ding et al. 2016). Also the commercial Novozym
51003 laccase from the ascomycete fungus M. thermophila has been tested for the
degradation of sulfamethoxazole when added to municipal wastewater sample in
environmentally relevant concentration (Nguyen et al. 2014b). T. versicolor laccase,
immobilized to enzymatic membrane reactor, with syringaldehyde as a mediator was
reported to degrade over 50% of 32 out of 38 tested antibiotics (Becker et al. 2016).
Despite of the effectiveness of this laccase system towards a wide range of antibi-
otics, a time-dependent increase of toxicity was observed, indicating that improve-
ment of the system to further degradation of the transformation products is needed.
Similarly, increased toxicity of the effluent was detected when syringaldehyde was
added as a mediator for M. thermophila laccase reaction for the degradation of
sulfamethoxazole, but granular activated carbon was reported to reduce the toxicity
(Nguyen et al. 2014b).

7 Bioremediation of Soil

Biological treatment of contaminated soils is often more effective compared to
chemical and physical remediation technologies (Sharma et al. 2018; Chen et al.
2015). Fungal laccases have been shown to be able to remove a wide range of
organopollutants also in soil systems (Durán and Esposito 2000; Field et al. 1993).
Typical organopollutants in soils are polyaromatic hydrocarbons (PAHs), haloge-
nated compounds (chloro- or bromophenols, polychlorinated biphenyls (PCBs),
polychlorinated dibenzo-p-dioxins, polychlorinated dibenzofurans (PCDD/Fs)), var-
ious agrochemicals used as pesticides or herbicides, and nitroaromatics, such as
2,4,6-trinitrotoluene (TNT) used in explosives, but also antibiotics and other PCPPs
as well as EDCs are present in soil environments (Yang et al. 2017; Tanaka et al.
2001).

Commercial T. versicolor laccase was tested for remediation of
PAH-contaminated shoal soil with three types of laccase-carrying electrospun
fibrous membranes fabricated via emulsion electrospinning (Dai et al. 2011). This
system showed highly efficient removal of phenanthrene, fluoranthene, benz[a]
anthracene, and benzo[a]pyrene from soil in the aqueous solution with greatly
shorter half-lives compared to the treatments with free laccase or membrane adsorp-
tion. Soil oxygen concentration and pH were shown to have significant influence on
degradation of the insecticide dichlorodiphenyltrichloroethane (DDT) when a puri-
fied laccase from the white rot fungus Panus conchatus was tested, as increased
oxygen concentration and pH range 2.5–4.5 in soil enhanced the effect of the laccase
treatment (Zhao and Yi 2010). Co-remediation of DDT-contaminated soil with the
white rot fungus Flammulina velutipes and its purified laccase was shown to be more
rapid and efficient compared to the use of only the fungus or laccase enzyme (Fan
et al. 2013). In addition, no significant difference was observed between sterilized
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and non-sterilized soils, suggesting that the indigenous microbes of the soil were not
able to remove DDT. T. versicolor was shown to be a good candidate for the
degradation of the chlorinated herbicide atrazine in non-sterile calcareous clay soil
with low moisture and organic matter content (Bastos and Magan 2009).

Laccases can also couple soil pollutants, such as chlorinated phenols and anilines,
to soil organic matter, thus lowering the biological availability and toxicity of the
xenobiotics (Ahn et al. 2002). Free and immobilized T. villosa laccase was shown to
efficiently transform 2,4-dichlorophenol (2,4-DCP) and bind it to soil organic matter
when test soils were amended with this compound (Ahn et al. 2002). Laccases from
T. versicolor and Rhizoctonia praticola have also been shown to couple various
chlorinated phenols and aromatic amines to phenolic humic compounds (Bollag
1992). Experiments with the whole fungus T. versicolor in the degradation of
14C-labelled pentachlorophenol (PCP) in soil indicated that part of the 14C-label
was transiently bound to soil organic matter, but this part was apparently later
attacked and mineralized by the fungus (Tuomela et al. 1998). Commercial
T. versicolor laccase showed potential in treatment of sandy loam soil contaminated
with sulfadimethoxine, a commonly used antibiotic in animal feeding that is released
into agricultural lands by manure application (Singh et al. 2015). Significant reduc-
tion in the extractable fraction of sulfadimethoxine was detected when laccase and
laccase-mediator systems were applied, indicating that the contaminant was bound
to the soil. Furthermore, enhanced transformation was observed when the organic
matter content in soil was increased by addition of peat. T. versicolor laccase was
also tested for simultaneous removal of 14 different antibiotics (Ding et al. 2016).
While sulfonamides and tetracyclines were mainly removed by laccase oxidation,
laccase-mediated adsorption of quinolones to soil was reported.

Treatment of contaminated soil by fungi and their enzymes is more challenging
than that of the aqueous environments and liquid systems. This is because enzymes
often bind to soil organic matter or clay making their extraction and activity
measurements difficult or even impossible, thus greatly hampering the evaluation
of the enzyme performance. Most of the bioremediation studies have been
performed on artificially contaminated soils that are spiked with organic pollutants
(Pointing 2001; Šašek 2003). However, use of fungal treatment under non-sterile
and in situ conditions is important to make the experiments potentially transferable
to a field scale (Šašek 2003). Inoculation of laccase-producing fungi to the contam-
inated soil seems to be the most feasible bioremediation method, because the use of
isolated or heterologously produced enzymes is not economically feasible in large
scale (Viswanath et al. 2014). For this, pine bark has been shown to be a promising
co-substrate for fungal propagation into soil (Valentín et al. 2009, 2010). As an
example of successful field-scale experiment, bioremediation of soil contaminated
with chlorophenols, creosote, TNT, petroleum hydrocarbons, organochlorine com-
pound lindane, or even polychlorinated dioxins has been performed with ligninolytic
fungi (Steffen and Tuomela 2011).
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8 Conclusions

Fungal laccases are promising biocatalysts in various biotechnology fields, and their
suitability for bioremediation applications have been studied already for 20 years.
This has led to several field- or pilot-scale treatments with laccase-producing fungi
or their enzymes. Although bioremediation of soil has been proven challenging due
to, e.g., heterogeneity of soil matrix, fungal laccases have shown potential in
removing a wide range of organopollutants also in soil systems. Due to the less
complicated liquid matrix, treatment of wastewaters has been demonstrated to be
more feasible approach and seem to be the closest to a commercial application by
fungi and their laccases. Especially the development of methods for decolorization
of textile dyes and removal of EDCs and PCPPs by tertiary treatment has received
wide attention. In addition, an increased amount of research has been dedicated to
removal of antibiotics from wastewaters by fungal laccases in order to prevent the
spreading of the antimicrobial resistance, which is one of the major global concerns
at the moment. High production costs of recombinantly produced laccases often
prevent their use in large-scale bioremediation applications. However, the recent
developments in laccase immobilization studies by using nanoparticles have offered
promising results with, e.g., improved operational lifetime and stabilization of
laccases, thus possibly enabling the process scale use of recombinant fungal laccases
for bioremediation.

In conclusion, the application potential of fungal laccases in environmental field
is considerable. This is further emphasized by recent trends of so-called green
remediation and in situ treatment technologies in environmental field, which may
give an advantage to biological methods, particularly fungal technologies.
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Abstract Laccases belong to the large family of multi-copper oxidases (MCOs) that
couple the one-electron oxidation of substrates with the four-electron reduction of
molecular oxygen to water. Because of their high relative non-specific oxidation
capacity particularly on phenols and aromatic amines as well as the lack of require-
ment for expensive organic cofactors, they have found application in a large number
of biotechnological fields. The vast majority of studies and applications were
performed using fungal laccases, but bacterial laccases show interesting properties
such as optimal temperature above 50 �C, optimal pH at the neutral to alkaline range,
thermal and chemical stability and increased salt tolerance. Additionally, bacterial
systems benefit from a wide range of molecular biology tools that facilitates their
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engineering and achievement of high yields of protein production and set-up of cost-
effective bioprocesses. In this review we will provide up-to-date information on the
distribution and putative physiological role of bacterial laccases and highlight their
distinctive structural and biochemical properties, discuss the key role of copper in
the biochemical properties, discuss thermostability determinants and, finally, review
biotechnological applications with a focus on catalytic mechanisms on phenolics and
aromatic amines.

1 Distribution and Physiological Role of Laccases
in the Prokaryotic World

Laccases act on a surprisingly wide range of substrates, including diphenols, poly-
phenols, differently substituted phenols, diamines, aromatic amines, benzenethiols
and even some inorganic compounds such as metal ions Mn(II), Cu(I) and Fe(II).
Laccases are one of the oldest enzymes ever isolated from plant and fungal sources
(Mayer and Staples 2002), and in the last two decades, an extensive number of
laccases of prokaryotic origin have been identified and characterised; for recent
reviews see Martins et al. (2015), Chandra and Chowdhary (2015), Tonin et al.
(2016), Chauhan et al. (2017) and Guan et al. (2018). A phylogenetic analysis of
these enzymes revealed that they can be clustered, and in the next sub-chapter, we
will discuss the physiological relevance of proteins within the different groups
(Fig. 1).

(A) Proteins involved in copper resistance. The wide distribution of laccases
involved in copper resistance in the phylogenetic tree suggests that this is a physi-
ological role commonly conserved in bacteria. Copper is a micronutrient required by
living organisms that in excessive amounts exerts cellular toxicity. It is a redox
active metal with two different oxidation states, Cu(I) and Cu(II). Bacteria have
developed different mechanisms of copper tolerance that include the action of
laccases in the periplasmic space playing a role in oxidising Cu(I) to the less toxic
Cu(II) (Pérez et al. 2018). Several copper resistance-related laccases can be identi-
fied: A.1. CueO. Escherichia coli CueO, one of the best characterised bacterial
laccases involved in copper resistance (Grass and Rensing 2001), is included in a
branch including different enzymes from proteobacteria. CueO, in addition of
oxidising Cu(I), also oxidises catecholate siderophores, avoiding that Cu(II) is
reduced back to Cu(I) (Grass et al. 2004). cueO is regulated at the transcriptional
level by CueR that also regulates the copper ATPase efflux CopA that works in
coordination for copper detoxification (Outten et al. 2000; Rademacher and
Masepohl 2012). A.2. PcoA. In addition to CueO, which is chromosomally encoded
(Outten et al. 2001; Huffman et al. 2002), some E. coli strains possess a plasmid-
encoded laccase involved in copper resistance, PcoA (Brown et al. 1995), that,
similar to CueO, most likely exhibited Cu(I) oxidase activity in the periplasm
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Fig. 1 Phylogenetic relationship of bacterial laccases with reported enzymatic activity; three
eukaryotic enzymes were also included for comparison. The phylogenetic analysis was performed
using the program MEGA X with sequences aligned by the program MUSCLE built into MEGA
(Kumar et al. 2018). The tree using the Neighbour-Joining (NJ) method is drawn to scale, with
branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic
tree. The evolutionary distances were computed using the p-distance method and are in the units of
the number of amino acid differences per site. The final display of the tree was obtained by using
iTOL (Letunic and Bork 2019). A tree was also constructed by the Maximum Likelihood
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(Huffman et al. 2002). The operon contains seven genes, and its expression is
controlled by a two-component regulatory system encoded within the same operon
(Rouch and Brown 1997). Proteins with similarity to PcoA have been detected in
other gammaproteobacteria, CopA in Pseudomonas syringae (Cha and Cooksey
1991) and Stenotrophomonas maltophilia (Galai et al. 2011). Similar genes are
present in Pseudomonas strains as part of a copper resistance operon, and the
CopA and CopC enzymes were shown to exhibit activity for several organic sub-
strates including lignin model compound (Granja-Travez and Bugg 2018). A.3.
Laccases in Myxococcus xanthus. Myxococcus xanthus, a deltaproteobacterium
with a complex life cycle, encodes three different laccases (CuoA, CuoB and CuoC)
involved in copper resistance (Muñoz-Dorado et al. 2016). CuoB and CuoC cluster
with an enzyme from the alphaproteobacterium Pedomicrobium, and CuoA is in a
different branch (Fig. 1). CuoB is involved in an immediate response to copper
addition to growth medium (Sanchez-Sutil et al. 2007), and the expression of cuoB
was shown to be regulated by CorE, an extracytoplasmic sigma factor (ECF), whose
activity is activated by Cu(II) and inactivated by Cu(I) (Marcos-Torres et al. 2016).
The genes coding CuoA and CuoC are slowly copper-induced reaching a maximum
at 24 h of growth. This maintenance response is regulated by CosSR, a
two-component regulatory system, whose periplasmic domain is responsible for
Cu sensing (Sánchez-Sutil et al. 2016). A.4. Laccases in Firmicutes. Staphylococ-
cus aureus synthesises a laccase whose gene expression is induced by copper and
whose deletion resulted in an increased copper sensitivity (Sitthisak et al. 2005). The
genes coding for the S. aureus laccase have been detected in mobile genetic elements
present in many clinical isolates and proposed to play a role in virulence (Zapotoczna
et al. 2018). Pediococcus and Lactobacillus laccases that are very close in the
phylogenetic tree to the S. aureus enzyme have been shown to oxidise and degrade
biogenic amines (Callejon et al. 2016, 2017). A.5. Other laccases involved in
copper resistance. The gene coding for CutO from Rhodobacter capsulatus is
induced at high copper concentrations through a regulatory mechanism operating
at the post-transcriptional level (Rademacher et al. 2012). Similarly the gene coding
for a Campylobacter jejuni laccase is induced at high copper concentrations, and its
deletion increases the bacterium sensitivity to copper (Hall et al. 2008).

(B) Proteins involved in spore pigmentation. This group comprises the most
well-studied bacterial laccase, CotA, from Bacillus subtilis (Hullo et al. 2001;
Martins et al. 2002). Most of the laccases identified in the Bacillus cluster are in
the same group (Fig. 1). These enzymes are located at the outer coat of spores and
have been implicated in the biosynthesis of a brown melanin-like pigment that
protects spores from UV light and hydrogen peroxide. Closely related to those
proteins is a laccase synthesised by the archaeum Haloferax volcanii that was

Fig. 1 (continued) (ML) method. Numbers at branches indicate bootstrap values higher than 80%
for the NJ method and the bootstrap value obtained with the ML method in those branches. The
enzymes in the same group are marked with the same colour and are annotated as explained in
the text
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suggested to be acquired through horizontal gene transfer from bacteria of the
phylum Firmicutes (Uthandi et al. 2010). Some proteins of actinobacteria are
found closely associated with the Bacillus CotA. For example, the phenoxazinone
synthase (Phs) from Streptomyces antibioticus that catalyses aminophenol oxidation
is required for the synthesis of secondary metabolites, e.g. the antibiotic actinomy-
cin. It was additionally proposed that Phs could participate in spore pigment
synthesis similar to CotA laccases (Jones 2000).

(C) Small laccases in Streptomyces. Some actinobacteria laccases from the order
Actinomycetales are in a clearly differentiated branch. This group contains the
secreted enzymes denominated “Small laccases” (SLACS, see below) where Strep-
tomyces coelicolor SLAC is the most extensively characterised (Machczynski et al.
2004). These enzymes have been implicated in physiological roles related to mor-
phogenesis, sporulation, pigmentation, ligninocellulose degradation, bacteria-
bacteria interactions or antibiotic production (Arias et al. 2003; Eugenio et al.
2011; Majumdar et al. 2014).

(D) Laccases in plant-associated proteobacteria. The Marinomonas
mediterranea laccase PpoA was one of the first bacterial laccases described (Solano
et al. 1997). This protein is a membrane-associated protein showing an N-terminal
His-rich region which could be related to its capacity to oxidise not only the
substrates characteristic of laccases but also the monophenol L-tyrosine (Sanchez-
Amat et al. 2001; Solano et al. 2001). The physiological role of PpoA is unknown;
mutant strains lacking this protein are not affected in pigment synthesis, and no
evidences for involvement in Cu resistance were found (Fernandez et al. 1999). The
Ralstonia solanacearum laccase was proposed to participate in defence against
phenolic compounds (Hernandez-Romero et al. 2005). This could be related to the
association of the producing bacteria with plants:M. mediterranea was isolated from
the microbiota of the marine plant Posidonia oceanica (Espinosa et al. 2010),
R. solanacearum is a plant pathogen and Rhizobium is a symbiont of plants (Pawlik
et al. 2016).

(E) Laccases in thermophilic bacteria and archaea. Several laccases from
thermophilic and hyperthermophilic bacteria cluster in the same group (Miyazaki
2005; Fernandes et al. 2007; Kalyani et al. 2016; Navas et al. 2019). Notably, the
Thermus thermophilus Tth laccase shows extreme stability at high temperatures with
a half-life at 80 �C of around 14 h (Miyazaki 2005). The gene coding for McoA from
Aquifex aeolicus that grows optimally at 89 �C is part of a putative copper resistance
determinant, and the enzyme is hyperthermoactive and shown to exhibit higher
efficiency for Cu(I) and Fe(II) metal ions than for aromatic substrates (Fernandes
et al. 2007). This group also comprises the only hyperthermophilic archaeal-type
laccase described to date, McoP from Pyrobaculum aerophilum (Fernandes et al.
2010).

(F and G) Other groups. There are other clusters revealed by the phylogenetic
analyses for which a physiological role has not been yet proposed. For example, the
small Thermus thermophilus HJA laccase shows a low molecular mass (Kim et al.
2015) and is not included in the same group that other enzymes from the same
species which are in group E. Genes encoding proteins similar to those in group F
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can be detected in other bacteria, including some E. coli strains, but their physio-
logical role remains unknown.

2 Structure, Mechanisms and Biochemical Properties

The coordination of the copper ions is largely conserved among laccases (Fig. 2).
The T1 Cu is coordinated by two histidine nitrogen atoms and a cysteine sulphur,
and it is characterised by an intense S(π)!Cu(dx

2
-y
2) charge transfer absorption

band at around 600 nm, ε600nm > 3000/M/cm responsible for the intense blue colour
of the enzymes. The T2 copper site, strategically positioned close to the T3 binuclear
copper centre, is usually coordinated by two histidine residues and a water
(or hydroxyl) molecule, while each T3 copper is coordinated by three histidines
and a bridging ligand such as a hydroxyl moiety, displaying an absorption in the
near-UV, with λmax ¼ 30 nm. The mononuclear T1 Cu site interacts with the
trinuclear cluster T2/T3 through the highly conserved HCH motif, where the cyste-
ine in the T1 binding Cu shuttles electrons to each of the two histidines that
coordinate T3 copper ions. The routes of electron transfer, the oxidation states of
the Cu centres and the mechanism of oxygen reduction in laccases were recently
reviewed; please see (Jones and Solomon 2015). The oxidation of reducing sub-
strates occurs at the T1-Cu site, while the reduction of O2 occurs at the T2/T3
trinuclear cluster (Fig. 2) (Jones and Solomon 2015).

The first three-dimensional structures of prokaryotic laccases were reported for
E. coli CueO (Roberts et al. 2002) and Bacillus subtilis CotA laccase (Enguita et al.
2003), followed by Streptomyces coelicolor SLAC (Skalova et al. 2009),
Pyrobaculum aerophilum McoP (Sakuraba et al. 2011), Campylobacter jejuni

A
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Fig. 2 Three-dimensional representation of copper centres arrangement (a) and the overall struc-
ture of the Bacillus subtilis CotA laccase (Enguita et al. 2003). In picture (a) the mononuclear T1
centre is on the left and the trinuclear centre is on the right. The distance between the T1 and T2/T3
centre is �13 Å. In picture (b) the cupredoxin domains are coloured differently (residues 1–173,
domain 1: blue to green; residues 182–340, domain 2: green to yellow; residues 369–501, domain 3:
yellow to red). The four copper atoms are shown as yellow spheres. Pictures drawn in PyMol
software using the deposited structure PDB1w6L

32 L. O. Martins et al.



McoC (Silva et al. 2012), Streptomyces sviceus Ssl1 (Gunne et al. 2014) and more
recentlyOchrobactrum sp. CueO (Granja-Travez et al. 2018). Structural information
is also available for the Tht Thermus thermophilus HB27 laccase in the Protein
Database Bank (Serrano-Posada et al. 2011). The overall bacterial laccase structural
fold comprises the typical three cupredoxin-type domains, characterised by a Greek
key β-barrel topology (Hakulinen and Rouvinen 2015) (Fig. 2). Laccases from
Streptomyces, as well as Amycolatopsis sp. 75iv2, designed SLACs (small laccases),
lack the second of the three domains, and their crystal structures reveal a trimeric
quaternary arrangement of the two-domain protein chains (Skalova et al. 2009;
Komori et al. 2009; Gunne et al. 2014; Majumdar et al. 2014). Evolutionary theories
proposed two-domain proteins as the intermediate step in the evolution between
one-domain proteins with a cupredoxin fold and three-domain laccases (Nakamura
and Go 2005; Komori et al. 2009).

In bacterial laccases the T1 Cu is weakly coordinated by an axial ligand, a
methionine, in tetrahedral geometry. Fungal laccases have non-coordinating phenyl-
alanine or leucine at this position, favouring a trigonal planar geometry for the site,
which may contribute to the higher redox potential (~800 mV) observed in these
enzymes as compared to bacterial ones (~500 mV) (Xu et al. 1999; Durao et al.
2006; Hong et al. 2011). However, variations in redox potential of the T1 centre
observed among laccases cannot be assigned to this single structural feature but to a
sum of factors including the nature of the second sphere residues influencing solvent
accessibility, hydrogen bonding and dielectric anisotropy around the site (Durao
et al. 2008b; Matera et al. 2008; Marshall et al. 2009).

In general, laccases show a broad binding pocket buried between domains 1 and
3 and close to the T1-Cu centre primarily stabilised through hydrophobic interac-
tions (Hakulinen and Rouvinen 2015). In B. subtilis CotA laccase, the T1 Cu centre
is sited at the bottom of the substrate binding region, relatively exposed to the
solvent and interacting with the substrate molecules through the imidazole ring of
one of its His ligands (Enguita et al. 2004) similar to what was observed in fungal
structures complexed with phenolics or related substrates (Bertrand et al. 2002;
Hakulinen et al. 2002; Matera et al. 2008). However, in the remainder of three-
domain bacterial laccases whose structures have been reported, the T1 site is
occluded by several secondary structure elements, with varied length, composition
and structure (Fig. 3). The small substrate binding pocket of these enzymes seems to
be in accordance with their higher specificity to small metal ions Cu(I) and Fe
(II) (Singh et al. 2004; Fernandes et al. 2010; Silva et al. 2012), indicating that
these laccases should behave predominantly as metallo-oxidases in their native
microorganisms with a role in copper resistance. However, even at reduced effi-
ciency, these enzymes are also able to oxidise phenolic or non-phenolic substrates,
and it is plausible that they possess additional binding pockets to accommodate
bulkier substrates (Liu et al. 2011; Bello et al. 2014).

One important structural distinctive feature of bacterial laccases as compared to
those of fungal origin is the lack of negatively charged residues in the substrate
binding pocket. Fungal laccases contain a conserved acidic residue (either an Asp or
Glu) close to the T1 Cu centre that in their carboxylate form are able to hydrogen
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bond with OH or NH2 groups of substrates aiding in their deprotonation by
stabilising the radicals formed during the catalytic reaction (Bertrand et al. 2002;
Kallio et al. 2009; Madzak et al. 2006). In the case of bacterial laccases such as
B. subtilis CotA laccase, in the absence of negatively charged residues close to the
T1 Cu centre, the oxidation relies mainly on the substrates’ structures, in particular in
their protonation/deprotonation equilibrium, which is dependent on the pKa values
of substrates (d’Acunzo and Galli 2003). Considering that oxidative reactions are
more prone to occur after deprotonation of OH or NH2 groups of phenolic and
aromatic amine substrates, bacterial laccases show an optimal pH at the neutral to
alkaline range in clear contrast to fungal laccases that show preference for the acidic
range (Rosado et al. 2012).

3 Role of Copper and Thermostability Determinants

Copper incorporation in laccases is still a poorly understood process and remains an
important issue of discussion in the current literature (Kosman 2017). Understanding
this mechanism is important both at the biochemical and structural viewpoints but
also from a biotechnological perspective since copper depletion is a limiting factor to
achieve full catalytic activity and stability with consequences in the implementation

Fig. 3 (a) Ribbon superimposition highlighting the major secondary structure elements interfering
with the access to the T1-Cu centre in E. coli CueO (magenta, PDB 1KV7), C. jejuni McoC (red,
PDB 3ZX1), P. aerophilumMcOP (green, PDB 3AW5) and T. thermophilus Tth (cyan, 2XU9). (b)
B. subtilis CotA laccase (PDB 1w6L) shows a widely exposed T1-Cu centre. Cu ions are
represented as dark orange spheres

34 L. O. Martins et al.



of cost-effective industrial applications. Bacterial laccases are typically heterolo-
gously overproduced in E. coli cells under aerobic conditions. However in these
conditions, limiting concentrations of copper (10 μM) are present in the cytoplasm of
E. coli due to the action of copper homeostasis mechanisms (Changela et al. 2003).
In order to allow the production of fully copper-loaded recombinant laccases, E. coli
cells require cultivation in copper-supplemented media under microaerobic growth
conditions where significantly higher amounts of copper accumulate (Durao et al.
2008a).

The key role of copper to the stability and folding of CotA laccase. The CotA
laccase from B. subtilis has been used as one model to dissect stability features and
determinants of multi-copper oxidases. The long-term stability of CotA revealed that
the enzyme denatures irreversibly according to a simple pathway of unfolding and
deactivation (first-order process) with a half-life of inactivation of 50–172 min
(at 80 �C) depending on the pH and copper content (Durao et al. 2008a; Fernandes
et al. 2011; Brander et al. 2014). This value is larger than the half-life of B. clausii
CotA (20 min) but smaller than the 350, 540 and 868 min measured for the
thermophilic laccases from T. terrenum, C. thermarum and T. thermophilus, respec-
tively (Miyazaki 2005; Brander et al. 2014, 2015; Ghatge et al. 2018). The thermo-
dynamic stability of B. subtilis CotA was further characterised showing that at 25 �C
the native state is very stable with a free energy change of 10 kcal/mol and a
midpoint of 4.6 M guanidinium hydrochloride upon unfolding of the tertiary struc-
ture (Durao et al. 2006). Furthermore, it was observed that copper depletion from the
T1 site precedes the unfolding of the secondary and tertiary structures similar to what
was observed in other laccases of plant and fungal origin (Agostinelli et al. 1995;
Koroleva et al. 2001) and is the key event in the inactivation of CotA laccase as
shown in the top line of Box 1 (Durao et al. 2006). Copper depletion affects the kcat
values of the enzymes and the T1 Cu site redox potential: E�

T1 of the holoprotein is
525 mV as compared to 455 mV of the partially depleted enzyme (2.5 moles of
copper per mole of protein) (Durao et al. 2006, 2008a).

The role of copper in CotA laccase was addressed in more detail to reveal a subtle
balance between copper loading and enzyme folding. Incorporation of copper was
shown to be a critical aspect in the fine-tuning of the enzyme folding in the

CotA-laccase

Holo-CotA laccase N ↔  Nno copper  →  U Durão et al., 2006

Apo-CotA laccase N  ↔  I ↔  U Fernandes et al., 2012

N ↔  Nno copper ↔  I ↔  U  →  →  Agg Fernandes et al., 2012

Box 1

Holo-CotA laccase

Box 1 Chemically induced unfolding pathways of CotA laccase where N, I and U are the native,
intermediate and unfolded states, respectively, and Agg is an aggregated state
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cytoplasm of E. coli. The data obtained clearly indicated that Cu(I) is the most
efficient Cu redox state to be incorporated during in vivo enzyme folding and its
presence is key to achieve a fully copper-loaded and fully functional and stable
enzyme (Durao et al. 2008a). The incorporation of copper in CotA occurs sequen-
tially, with the T1 site being the first to be reconstituted, followed by the T2 and T3
centres (Durao et al. 2008a) similar to what was described in E. coli CueO (Galli
et al. 2004). It is the T1 site that provides a template for the assembly of the native
protein indicating the ancestral cupredoxin fold as the starting point for the assembly
of a fully metallated protein (Kosman 2017). Structural tuning resulting from copper
incorporation seems to be a feature of the cupredoxin fold. The similarity in the
crystal structure of apo- and holo-form of Pseudomonas aeruginosa azurin
(a 128-residue cupredoxin) actually obscures two occurrences: copper binding
imparts stability to both thermal and mechanical stress, and the metal-binding region
becomes less flexible at least in the holoprotein (Giannotti et al. 2015; Kosman
2017). Molecular dynamics simulations of the holo- and apo-forms of
T. thermophilus HB27 laccase also revealed a different conformation for the linker
connecting the β-strands 21 and 24 of the cupredoxin fold with possible implications
in the process of electron transfer (Bello et al. 2012). The mutation G304K in CueO
laccase that resulted in enhanced activity may well be a good example of structural
tuning imparted by copper binding resulting in induced conformational changes in a
methionine-rich helix and in a regulatory loop (Wang et al. 2018). Timely copper
incorporation into the multi-copper oxidase ceruloplasmin was found crucial to
prevent misfolding and assure successful biosynthesis in vivo (Sedlak and
Wittung-Stafshede 2007). Deeper insight into the unfolding pathway and copper
incorporation in CotA was gathered through acid-induced unfolding and double-
jump stopped-flow experiments (Fernandes et al. 2012). In these double-jump
experiments, CotA was first unfolded by a decrease in pH, and after fixed time
intervals when the enzyme unfolds in a delay loop (20–1000 ms), refolding was
promoted by mixing the unfolded enzyme preparation with a buffer at higher pH. If
CotA unfolded according to a two-state process where only the native and the
unfolded states accumulate, a simple refolding phase would be observed. On the
contrary, if an intermediate accumulated between the native and the unfolded states,
two refolding phases would be observed especially for longer delay times where the
accumulation of the unfolded state becomes more significant. In other words, one
refolding phase observed at short delay times will relate to the refolding of the
intermediate, and the second phase evident at longer delay times would result from
the refolding of the unfolded state. Apo-CotA displays two refolding phases at delay
times over 200 ms indicating that a three-state process describes the unfolding of the
enzyme. Even in the absence of copper, there is an intermediate in between the
native and the unfolded only revealed through kinetic measurements as shown in
Box 1. The apo-form of human ceruloplasmin also unfolds with at least one
intermediate (Palm-Espling et al. 2012). Double-jump experiments for holo-CotA
also revealed the presence of an intermediate in between the native and the unfolded
state; however, longer unfolding times resulted in significant light scattering upon
refolding in the second jump. This indicates that the presence of copper ions in the

36 L. O. Martins et al.



unfolded holo-protein prevents its refolding back to the native state due to protein
aggregation as summarised in Box 1. In summary, copper has to be incorporated at
later stages of in vitro folding (Fernandes et al. 2012), but this incorporation is
important to adjust the structure to obtain a fully functional and stable enzyme
(Durao et al. 2008a).

The contribution of a disulphide bond to the stability and copper incorporation
into CotA laccase was investigated as these bonds are expected to improve protein
stability mostly by reducing the conformational entropy of the unfolded state relative
to the native state, thereby decreasing the entropy gain upon unfolding (Pace et al.
1998; Sawle and Ghosh 2011). This seems to be the reason for disulphide bond
richness found in a subset of thermophilic proteins (Beeby et al. 2005). Surprisingly,
the removal of the single intradomain disulphide bridge of the CotA laccase showed
no significant effect neither on the thermodynamic and thermal stability nor on the
catalytic activity (Fernandes et al. 2011). The three-dimensional structure solved to
2.25 Å resolution, the secondary structure evaluated by circular dichroism, the
UV-Vis spectra and the electronic structure of the copper centres probed by electron
paramagnetic resonance are very similar between the wild-type and the mutant
protein with no disulphide bridge. A decrease in stability should be observed if the
main effect of disulphide bonds was to decrease the entropy of the unfolded state
increasing thus the free energy of the unfolded state relatively to that of the native
state. The unfolding kinetics of CotA measured by stopped-flow, which report on
the free energy change between the native and the transition state, are faster for the
mutant protein. This indicates that the native state should be less stable in the
absence of the disulphide bridge and this destabilisation has to be offset by any
effect on the final state to explain why there is no effect on the equilibrium stability
of the enzyme. Additionally, the removal of the disulphide bridge in CotA laccase
increased the kinetics of copper release indicating conformational dynamics alter-
ations upon the disulphide bond disruption. Conformational dynamics are known to
be affected by copper binding such as in the case of the metallo-oxidase Fet3p and
the copper chaperones Atox1 and CopZ (Sedlak and Wittung-Stafshede 2007; Palm-
Espling et al. 2012) and the Thermus thermophilus HB27 laccase (Bello et al. 2012).
The view that different proteins use disparate mechanisms for stabilisation has been
widely noted (Petsko 2001). The disulphide bond solution prevalent in certain
thermophiles (Beeby et al. 2005) was not utilised to increase stability but probably
to tune copper binding as the key parameter for folding and stability of CotA.

The hyperthermophilic nature of the A. aeolicus McoA and P. aerophilum
McoP. The thermal stability of the hyperthermostable metallo-oxidases from
A. aeolicus (McoA) (Fernandes et al. 2009) and P. aerophilum (McoP) (Fernandes
et al. 2010) was studied by DSC revealing a complex process characterised by three
independent thermal transitions showing Tm values of 105, 110 and 114 �C for
McoA and 97, 102 and 112 �C for McoP. Three independent thermal transitions
were also observed for ascorbate oxidase (Savini et al. 1990), ceruloplasmin
(Bonaccorsi di Patti et al. 1990) and CotA laccase (Durao et al. 2008a) and seem
to correlate with the structural organisation of three cupredoxin-like domains of
MCOs. The high thermal stability of both McoA and McoP is in agreement with a
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significant long-term stability; McoP displays a half-life time of 5.5 h at 80 �C
(Fernandes et al. 2010), while McoA shows a more complex deactivation pathway
due to protein aggregation, but the first-order deactivation step is characterised by a
half-life time of 5.7 h at 80 �C (Fernandes et al. 2007). Despite the hyperthermo-
philic nature of both enzymes, the chemical-induced unfolding reveals a relatively
low thermodynamic stability especially for McoA with a midpoint of 2.7 M
guanidinium hydrochloride and a free energy change in buffer at 25 �C of
2.8 kcal/mol (Fernandes et al. 2009). Copper depletion from McoA precedes largely
the unfolding of the tertiary structure and is the key event for inactivation in the
presence of chemical denaturants as mentioned previously for CotA (Durão et al.
2006). The low equilibrium thermodynamic stability measured for McoA refers thus
to the apo-form (Fernandes et al. 2009; Pozdnyakova et al. 2001). A fast unfolding
rate constant for the apo-form compared to the holo-form was measured by stopped-
flow, and this increase, reflecting the stabilising effect of copper on the native state,
was quantified as 1.5 kcal/mol, which is very similar to the value of 1.4 kcal/mol
imparted by copper on CotA (Durao et al. 2006). Copper loading increases the
stability of McoA, and the dependence of stability on temperature becomes less flat
when the effect of copper is considered (Fig. 4a). Interestingly, a flat dependence of
the free energy change on temperature is one of the mechanisms that leads to
enhanced thermal stability in proteins from thermophiles (Fitter and Heberle 2000;
Robic et al. 2003). The comparison between the stability curves of McoA and CotA
clearly shows that the flat dependence of stability on temperature observed for McoA
allows the protein to remain folded over a wider range of temperatures as compared
with CotA (Fig. 4b). For McoA, the flat dependence of stability on temperature
imposed by a low heat capacity change upon unfolding (0.5 compared to 2.6 kcal/
mol/K for CotA) results from the aggregation of the enzyme as proved by gel
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Fig. 4 (a) Temperature dependence of McoA stability built with an average Tm measured by DSC
and chemical unfolding induced by guanidinium hydrochloride at different temperatures. Experi-
mental data was fitted with the Gibbs-Helmholtz equation, and the dotted line is the fit using the
same equation after adding 1.5 kcal/mol due to the stabilising effect of copper. Reprinted from
BBA-Proteins Proteom 1794 (1), Fernandes AT, Martins LO, Melo EP, The hyperthermophilic
nature of the metallo-oxidase from Aquifex aeolicus, 75–83, copyright © 2009, with permission
from Elsevier. (b) Protein stability curves of McoA (squares) and CotA (triangles) at pH 3, fitted
according to the Gibbs-Helmholtz equation
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filtration chromatography and light scattering measurements. From a mechanistic
point of view, the aggregation process confers residual structure to the final state
resulting in a low heat capacity change and a flat dependence of stability on
temperature. One hypothesis is that McoA suffers kinetic partitioning between
aggregation and first-order deactivation which is an uncommon feature seldom
observed for other enzymes (Baptista et al. 2003) that can explain the low heat
capacity change. This hypothesis is in accordance with the low cooperativeness of
the transition from the folded to further states under equilibrium conditions as
evaluated by the thermodynamic parameter m (�1.0 � 0.1 kcal/mol/M); both the
heat capacity change and m value correlate to the amount of surface area exposed
upon unfolding. This atypical behaviour of McoA explains the low thermodynamic
stability observed upon chemical-induced destabilisation but simultaneously con-
tributes to an increased stability over a wider range of temperatures and thus to the
hyperthermophilic nature of McoA.

4 Application in Oxidative Bioprocesses

Oxidation of lignin-related phenolic and non-phenolic compounds using bacte-
rial laccases. Bacterial laccases have been successfully tested in the oxidation of
eucalyptus kraft pulp (Arias et al. 2003; Eugenio et al. 2011), wheat straw pulps
(Zheng et al. 2012), kraft lignin (Huang et al. 2013), diverse hardwood and softwood
lignocellulose samples (Sondhi et al. 2015; Singh et al. 2017), woody materials
(Goacher et al. 2018; Navas et al. 2019), lignin samples and a broad range of low
molecular weight lignin model compounds (Moya et al. 2011; Huang et al. 2013;
Reiss et al. 2013; Majumdar et al. 2014; Hamalainen et al. 2018) confirming their
potential in lignin degradation and valorisation.

The oxidation of lignin-related phenolic acids including sinapic, ferulic, caffeic
and coumaric acids using bacterial laccases results in the formation of dimeric
structures (Koschorreck et al. 2008; Ricklefs et al. 2014; Xie et al. 2015). The
enzymatic oxidation of phenols is based on one-electron abstraction which generates
resonance-stabilised phenoxy radicals. These may undergo a second enzyme-
catalysed oxidation into quinonic structures, or react further in non-enzymatic
reactions (hydration, disproportionation or homo- and heteromolecular coupling
reactions giving rise to oligo- or polymeric products) (Kudanga et al. 2017;
Romero-Guido et al. 2018). The oxidation of phenolic compounds is mostly affected
by substituents in the ortho positions, and a preference in the oxidation of syringyl-
type over the guaiacyl or hydroxyphenyl subunits has been observed. Phenolic and
non-phenolic dimeric β-O-4 compounds, e.g. guaiacyl glycerol-β-guaicyl ether
(GGE) and adlerol, representing more than 50% of lignin structure, are good models
to study the Cα-Cβ bond cleavage and, were tested as substrates by several bacterial
laccases, including SLACs from S. coelicolor A3(2), S. lividans TK24,
S. viridosporus T7A and Amycolatopsis sp. 75iv2 (Majumdar et al. 2014), CopA
from P. putida KT2440 and P. fluorescens Pf-5 (Granja-Travez and Bugg 2018),
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CueO from Ochrobactrum sp. (Granja-Travez et al. 2018), CtLac from
C. thermarum (Ghatge et al. 2018) and the Thermus sp. 2.9 laccase (Navas et al.
2019). Overall, the tested bacterial laccases catalyse the oxidative coupling of GGE
units, but not the cleavage of the Cα-Cβ bond with the exception of
B. amyloliquefaciens CotA that degraded GGE in a set of products identified as
guaiacol, 4-vinylguaiacol, vanillin and other related compounds (Yang et al. 2018).
The presence of these compounds indicates that the main degradation pathway of
GGE follows the oxidation of Cα and the cleavage of β-O-4 and Cβ-Cγ bonds,
highlighting the potential of the B. amyloliquefaciens CotA laccase for lignin
degradation.

A mechanism of lignin-related phenolics oxidation and their role in mediating
non-phenolics by bacterial laccases was described (Fig. 5) (Rosado et al. 2012). The
oxidation rates for three syringyl-type phenolic models [syringaldehyde (SA),
acetosyringone (AS) and methyl syringate (MS)] were measured showing that the
enzymatic rates (SA > AS � MS) are in line with the electron-withdrawing
capability of the para-substituting groups [aldehyde (SA) > ketone (AS) > ester
(MS)] and concordant with the pKa values (and oxidation potential) of compounds
(SA< AS<MS). The positive effect of electron-withdrawn substituents in the rates
of enzymatic oxidation suggests that these improve the stabilisation of the phenolate
anions. Trametes versicolor TvL laccase and CotA laccase oxidise the three phenolic
substrates at maximal rates at pH 4 and pH 8–9, respectively. Considering that the
pKa of the compounds is between pH 7 and 9, the results indicate that the fungal
laccase oxidises the substrates in the phenolic form and the bacterial laccase in the
phenolate form, i.e. after deprotonation of the phenolic group. These phenolic
compounds were further tested as laccase mediators in the oxidation of the
non-phenolics, veratraldehyde, 4-methoxybenzyl alcohol and 3,4,5-
trimethoxybenzyl alcohol. Interestingly, the mediator activity of the syringyl-type
phenolic reflected a balance between reactivity and stability of the radicals formed as
the measured conversion yields of non-phenolics were higher for MS > AS > SA,
showing that the stability of radicals is improved by the presence of electron donor
groups at the para-position. Moreover, maximal conversion yields (up to 80%) were
achieved at large excess of mediators (10:1) implying an interplay of competitive
routes (Fig. 5). Phenoxy radical intermediates are involved in (1) the oxidation of the
non-phenolic monomers, forming hydroxybenzyl radicals that are converted to the
correspondent aldehydes, (2) the conversion to 2,6-dimethoxy-p-benzoquinone and,
finally (3) coupling reactions including radical recombination, cross-coupling and
self-coupling, with or without release of substituent groups. This catalytic cycle
points out the need to control the reaction conditions in order to guide the
depolymerisation/re-polymerisation balance of lignin samples (Rosado et al. 2012).

Although laccases can play a major role in lignin depolymerisation, the achieve-
ment of a correct balance between the depolymerisation and re-polymerisation
processes is a great challenge (Roth and Spiess 2015; Hamalainen et al. 2018).
This balance depends on several reaction conditions including the substrate struc-
tures, the difference between the redox potentials of enzyme and substrate, pH of
reaction, temperature and solvent. Recent advances highlighted the potential of
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bacterial laccases as promising tools to tackle the lignin depolymerisation/re-
polymerisation bottleneck. MetZyme® LIGNOTM, a laccase of bacterial origin,
was successfully used for lignin depolymerisation at 50 �C and pH 10.5 where
lignin is soluble in water (Hamalainen et al. 2018). After the enzymatic treatment,
extensive lignin depolymerisation was observed accompanied by chemical activa-
tion via demethylation and benzylic oxidation as well as increased solubility in
neutral and acidic pH. The reaction mechanism proposed for the laccase-mediated

H2O

O2

PHENOLIC 
LIGNIN UNITS

NON PHENOLIC 
LIGNIN UNITS

LACCASE

Fig. 5 The catalytic cycle of laccase-mediator systems showing the formation of intermediate
radicals upon oxidation of the phenolic substrates and the routes leading to the formation of
different oxidation products (adapted from Bioresource Technol 124, Rosado T, Bernardo P,
Koci K, Coelho AV, Robalo MP, Martins LO, Methyl syringate: an efficient phenolic mediator
for bacterial and fungal laccases, 371–378, copyright © 2012, with permission from Elsevier). The
phenoxy radicals are not only involved in the oxidation of the non-phenolics but additionally are
involved in the formation of 2,6-dimethoxy-p-benzoquinone (DMBQ) and other phenolic com-
pounds and in coupling reactions, which can include radical recombination, cross-coupling and
self-coupling proceeding with or without release of substituent groups
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oxidation of lignin at alkaline pH is the oxidation at the Cα position of the lignin
units (Fig. 6). This modification changes the electronic nature of the substituent
leading to a drop in the pKa of the phenolic group from 9–11 to 7–8 and, for the
phenolic units, is responsible for the increased lignin solubility at neutral to acidic
pH. For the non-phenolic units, the electron-withdrawing nature of the para-substit-
uent group promotes depolymerisation or demethylation reactions in the lignin
polymer. Therefore, the authors demonstrate that depolymerisation of lignin
prevailed over polymerisation pathways at strong alkaline and aeration conditions
(Hamalainen et al. 2018). This enzymatic-based solution opens up new opportunities
for lignin valorisation crucial to make economically feasible present and future
lignocellulose biorefineries.

Oxidation of aromatic amines using bacterial laccases. The bacterial CotA
laccase oxidises at the neutral to alkaline range of pH values a wide range of
aromatic amines with different substitution patterns (ortho-phenylenediamines,
substituted para-diphenyleneamines, ortho-amino-phenols, among others) that are
precursors of dimeric and trimeric dyes (Sousa et al. 2013, 2016, 2019) as well as of
substituted heterocyclic frameworks (phenazine, phenoxazinone, carbazole deriva-
tives) (Sousa et al. 2014, 2015, 2018) (Fig. 7). Phenazine and phenoxazine cores are
multifunctional and versatile building blocks widely distributed in a vast array of
biologically active compounds, such as anti-tumour agents (Bolognese et al. 2002;
Corona et al. 2009), antibiotics and antibacterial agents (McDonald et al. 1999;
Borrero et al. 2014), agrochemicals (Starke et al. 2004), biosensors (Pauliukaite et al.
2010) and dyes and polymers (Yamamoto et al. 2003). Due to the importance and
broad field of applications of the aforementioned molecules, the development of new
enzymatic, greener methodologies is crucial as alternative (bio)synthetic routes for
the formation of these aromatic frameworks.

Homocoupling reactions of para-substituted aromatic amines using CotA laccase
result in trimers with diaminated quinone-diimine structures (Fig. 8a) (Sousa et al.
2013) at very good to excellent overall conversion yields. Additionally, the involve-
ment of some of these amines as primary bases in cross-coupling reactions with
different couplers mediated by CotA laccase (Sousa et al. 2016) resulted in the
production of indo dyes, widely used in the permanent hair and leather colouration
(Morel and Christie 2011). The substrate’s reactivity is dependent on the nature and
position of the substituents in the aniline ring (Sousa et al. 2013, 2016), and in
general, laccase’s activity is enhanced by the presence of electron-donating groups.
Additionally, the efficiency of the CotA laccase enzymatic system is strictly depen-
dent on the difference of the redox potential between the enzyme (0.55 V) (Durao
et al. 2008a) and the substrates. The pH of reaction is a paramount parameter since it
affects both the catalytic activity of laccase and the redox potentials of the substrates,
i.e. their susceptibility for oxidation is also a critical operational parameter (Sousa
et al. 2015). In the pathway proposed for the oxidation of substituted aromatic
amines (Fig. 8a), the initial step is the abstraction of an electron from aromatic
amines, followed by deprotonation of the primary intermediate (oxidation base) and
formation of short-lived intermediates (aminium cation radical or neutral radical
species) or the benzoquinonediimine intermediate (A). Therefore, starting from the
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intermediate species, by sequential self-conjugation (path a) or cross-coupling with
different couplers (path b), the reaction proceeds through N-C coupling in the ring
activated positions. Path a) forms a homomolecular dimeric structure which is
subsequently transformed in the final 1,4-substituted-2,5-benzoquinonediimine tri-
mer, while path b) yields dinuclear leuco dyes (B) and results in the final indoaniline
or aminoindamine dyes (C). According to the proposed pathway, the stability of the
radicals, enhanced by the presence of electron donor substituents, seems to be of
major importance for the laccase catalytic efficiency (Sousa et al. 2013, 2016).

The formation of different heterocyclic scaffolds, e.g. symmetric and asymmetric
phenazines, phenoxazinones and carbazoles, by oxidation of structurally different
aromatic substrates assisted by CotA laccase was also reported (Sousa et al. 2014,
2015, 2018) (see Fig. 8b). The efficiency of the reactions leading to the formation of
heterocoupled dinuclear or trinuclear dyes was found strongly dependent on the
presence of electron donor groups on the meta-substituted couplers. A mechanistic
pathway for the synthesis of substituted symmetric and asymmetric heterocycles
with phenazine and phenoxazine frameworks was proposed (Fig. 8) where an ortho-
diamine or ortho-aminophenol is enzymatically oxidised through two successive
one-electron oxidations, generating ortho-quinone-diimine or ortho-quinone-imine
intermediates (A). Under the reaction conditions, these species suffer rapid nucleo-
philic addition by other substrate molecules in its most electrophilic carbon atom,
followed by a proton shift, yielding the first coupling intermediate (D). These
non-isolable products underwent a second oxidation, probably mediated by laccase,
and an intramolecular Michael addition of an amino group (or phenol) to the C5
atom, with the displacement of an R group, leads to an aminophenazine or fully
reduced aminophenoxazine, which is spontaneously oxidised in air to produce the
final heterocycle products (Sousa et al. 2014; Bruyneel et al. 2012). For the meta,
para-disubstituted aromatic amines, the first step is the in situ generation of a para-
benzoquinonediimine intermediate (A0) in a similar way as described above. This
intermediate further reacts with the nucleophilic amino group of another molecule at
the ortho-position, adjacent to the R1 group leading to the formation of dimeric
structures. This second step, followed by a proton loss, yields the first coupling
intermediate (D). These non-isolable products underwent a second oxidation, prob-
ably mediated by laccase, and an intramolecular Michael addition of an amino group
(or phenol) to the C5 atom, with the displacement of an R group, leads to an
aminophenazine or fully reduced aminophenoxazine, which is spontaneously
oxidised in air to produce the final heterocycle products. The synthesis of azo dyes
was also reported as minor products of laccase’s aromatic amines’ oxidation (Sousa
et al. 2013, 2014, 2018). Recently, the enzymatic oxidation of aromatic amines was

Fig. 8 (continued) by laccases, Green Chem 16:4127–4136 (2018), and from Sousa AC, Oliveira
MC, Martins LO, Robalo MP, A Sustainable synthesis of asymmetric phenazines and
phenoxazinones mediated by CotA-Laccase, Adv Synth Catal 360:575–583 (2018), with permis-
sion from John Wiley & Sons. (copyright © 2018 Wiley-VCH Verlag GmbH&Co. KGaA,
Weinheim)
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directed to the formation of ortho- and para-substituted azo dyes in the presence of
ABTS as mediator, and the correspondent mechanistic pathway was proposed
(Sousa et al. 2019). The variety of different aromatic scaffolds obtained by this
enzymatic approach clearly shows that laccases are promising tools for aromatic
amines’ oxidation, boosting new eco-friendly alternatives to the production of value-
added aromatic compounds.

5 Concluding Remarks

The studies of laccases during the last years have revealed that they are a group of
enzymes widely distributed in the bacterial domain. They apparently show different
physiological roles, being the resistance to copper the most frequently described
among those enzymes characterised. Bacterial laccases show a redox potential
around 500 mV, 200–300 mV lower than fungal counterparts. However, their
optimal pH for phenolics and amines, at the neutral to alkaline range, in contrast
to the acidic character of fungal laccases, their optimal temperatures between 50 and
80 �C and their improved stability to temperature and denaturating agents, such as
high concentrations of salt, detergents and organic solvents, allow their applications
in a wide range of biotechnological fields. It is expected that in the next decade, the
scope of applications expands due to the application of protein engineering
approaches that improve their production yields and kinetic parameters for exquisite
substrates enhancing the number of laccase-based industrial oxidation processes, in
particular in the lignocellulose biorefinery field and wastes valorisation.
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Abstract Besides the major and widespread use of laccases in bioremediation of
dyes and many other toxic chemical wastes, there is an increasing interest towards
their exploitation in the valorization of lignocellulosic biomass in frame with the
biorefinery concept. Biochemical conversion of lignocelluloses includes three major
steps: pretreatment, enzymatic hydrolysis, and fermentation. Laccases find applica-
tion in the pretreatment phase since they are effective both in removing/modifying
the lignin polymer and in reducing the amount of phenolic compounds of already
pretreated lignocellulosic materials. As a fact, pretreatment steps often release some
biomass-derived products inhibiting both enzymes involved in saccharification and
microorganisms used for the fermentation. Together with detoxification processes,
laccases can be used for delignification of lignocellulosic biomasses thanks to their
direct action on phenolic units of lignin polymer. Laccase-based pretreatments avoid
sugars degradation, thanks to the mild conditions of reaction. Conversely, the hard
conditions usually adopted for chemical-physical pretreatments, cause sugars deg-
radation. Furthermore, laccase effect in delignification is improved by the use of
mediator compounds which allow enzyme to oxidize both phenolic and
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non-phenolic component of lignin moieties, producing an extensive cleavage of
covalent bonds in lignin. A survey of uses of laccase in lignocellulosic waste
valorization is offered in this chapter with the aim to underline their potential.
Indeed, applications of laccases in the valuable conversion of different wastes
have been deeply described, focusing on available examples of laccase integration
in biorefineries.

1 Introduction

The constant increase in the world energy consumption needs for effective alterna-
tives to gradually replace the fossil fuels, as encouraged by the EU Bioeconomy
Strategy. In this context, biomass and most particularly lignocellulosics can offer a
concrete option for the production of chemicals and energy in future biorefineries,
alternative to current oil refineries. Lignocellulosic raw materials, including forest
residues, agricultural wastes, and agrofood wastes (AFW) (Fig. 1), are the most
abundant source of organic material in the world: their production is estimated to be
around 1.3 billion tons per year (Baruah et al. 2018).

Hence, lignocellulosic biomass represents a promising platform for the produc-
tion of bio-based products, even if its potential is still untapped.

Fig. 1 Classification of lignocellulosic biomasses. Woods have been further subdivided in two
groups, softwood and hardwood, based on their lignin and hemicellulose content
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Albeit composition of lignocellulosic materials depends on many factors, such as
plant species, age and growth conditions, and the eventual undergone process,
generally these biomasses consist of 15–35% lignin, 40–50% cellulose, and
25–30% hemicelluloses (Pleissner et al. 2016). Very complex inter- and intramolec-
ular network (covalent or noncovalent) exists between these components, rendering
the utilization of these residues very challenging. Therefore, a pretreatment step is
required to both destroy the layer of lignin that limits enzyme accessibility to
cellulose and disassemble the crystalline cellulose structure.

The typical process for the valorization of lignocellulosic materials convention-
ally includes three primary steps (Fig. 2):

1. Pretreatment, aimed at disrupting the fibrous matrix and remove lignin
2. Hydrolysis, aimed at breaking down (hemi)cellulose and cellulose into monomers
3. Fermentation, aimed at transforming the obtained sugars into value-added

chemicals, according to the metabolic abilities of the used yeasts

The pretreatment step is still a matter of investigation, since an effective method
that combines environmental sustainability, sugar recovery, and cost-effectiveness is
still missing (Fillat et al. 2017). A number of physical and chemical pretreatment
methods have been tested; however they are often high-energy demanding and cause
loss of carbohydrates and/or formation of by-products (furans, phenols, and weak
acids) that may inhibit the following hydrolysis and/or fermentation steps. There-
fore, biological approaches able to modify lignin and to reduce the amount of
inhibitors represent interesting and greener alternatives to improve the efficiency
of the bioconversion processes. These methods rely on the ability of some microor-
ganisms to grow on ligninocellulosic substrates thanks to the secretion of
ligninolytic enzymes, such as lignin peroxidases, manganese peroxidases, versatile
peroxidase, and laccases (Faraco et al. 2009). On the other hand, the exploitation of
ligninolytic enzymes over whole cells includes the possibility of using temperatures
which are not necessarily optimal for the growth of the microorganisms. In this

Fig. 2 Schematic representation of lignocellulosic conversion into added-value product showing
the lignocelluloses composition along with the three main phases of the process

Old Enzymes at the Forefront of Lignocellulosic Waste Valorization 59



context, laccases have been widely investigated, and the obtained results recently
reviewed (Kudanga et al. 2010; Roth and Spiess 2015; Fillat et al. 2017). Laccases
have been proven able to contribute in different ways to the process of waste
valorization. Indeed, they degrade the lignin, modify the structure of the lignocellu-
loses microfibre, and reduce the phenolic content of pretreated lignocellulosic
materials, thus decreasing their inhibitory effect. Laccases have been used alone,
or in mixture with other ligninolytic enzymes (Wang et al. 2013; Asgher et al. 2013;
Ji et al. 2014). In this latter case, it is not easy to ascribe a defined role to laccase,
since the different enzymes/molecules present in the mix can synergistically coop-
erate in lignin modification/degradation. Laccase delignification is often carried out
in combination with mediators, easily oxidizable phenolic units that enable enzyme
to indirectly oxidize large molecules and even non-phenolic substrates (Cañas and
Camarero 2010). Nonetheless, the use of mediators also delivers various drawbacks,
such as their high cost, the possible formation of toxic species, and the occurrence of
grafting side reactions (Oliva-Taravilla et al. 2015a; Moreno et al. 2016b; Fillat et al.
2017). Natural mediators, such as lignin-derived soluble phenols (e.g. vanillin,
acetosyringone, p-hydroxycinnamic acids), offer environmental and economic
advantages compared to chemical mediators (Giacobbe et al. 2018). Nonetheless,
the phenoxy radicals generated by laccase can be grafted onto pretreated material,
with consequent increase of lignin content and decrease of sugar hydrolysis,
depending on specific unpredictable combination among laccase, ligninolytic
source, and mediator (Oliva-Taravilla et al. 2015a; Moreno et al. 2016b).

Very often the laccase treatment has been combined with other physical and
chemical treatment methods, resulting in higher yields than the individual methods
alone (see below).

2 Laccases in Biorefinery: Delignification
and Detoxification of Lignocellulosic Biomasses

In this chapter, the laccase action in lignocellulosic valorization has been organized
according to the different residues tested: softwood and hardwood forest residues,
agricultural residues, and agrofood wastes (Fig. 1).

It is important to highlight that it is difficult to compare laccase efficiencies
among the different reports. Indeed, not all phenolic compounds are susceptible to
oxidation by laccase enzymes at the same extent, and lignin structure is highly
dependent on biomass feedstock and/or on pretreatment conditions.

The aim of this chapter is to give a comprehensive picture of the potentiality of
laccase enzymes in this interesting field.
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2.1 Softwood and Hardwood Forest Residues

Among lignocellulosic biomasses, woody biomasses represent an interesting
nonedible biomass for biofuels and biomaterials production. However their resis-
tance to delignification hinders their sustainable transformation.

The lignin content of softwood (25–35% weight) is typically higher than that of
hardwood (18–25% weight) (Azadi et al. 2013). Softwood’s lignin is mainly com-
posed by guaiacyl units (G), while hardwood contains also syringyl units (S). The G
units reduce accessibility of hydrolytic enzymes; hence the first wood biomass is
more difficult to be hydrolysed (Palonen and Viikari 2004; Jönsson et al. 2013).
Hemicellulose in softwood is composed by galactoglucomannans (15–20%), and
xylans represent only a small percentage (7–10%), while in hardwoods it is mainly
composed by xylan (15–30%) (Palonen and Viikari 2004).

Several works demonstrated the ability of laccases and laccase mediator system
(LMS) in delignification of woody biomasses, also in combination with other pre-
treatments. Laccases alone are not able to oxidize softwood biomasses; therefore
these complex lignocellulosic substrates need to be pretreated with other methods.
Two-step pretreatment of softwood has some attractive advantages, such as high
ethanol yield and low consumption of enzymes (Galbe and Zacchi 2002). As
summarized in Table 1, often LMS is required to improve delignification and
saccharification yields from softwood since laccase is too large a molecule to
penetrate into the fibre wall of native wood.

In 1999, Larsson’s group (Larsson et al. 2003) demonstrated the ability of
T. versicolour laccase to remove furans and phenolic compounds from steam-
pretreated spruce with consequently improvement of ethanol production. Palonen
and Viikari (2004) demonstrated that the lignin from pretreated spruce binds cellu-
lase enzymes, but the action of the laccases, before the hydrolysis, improves the
enzymatic hydrolysis of 13% by using laccase alone and by 21% by applying LMS.
More recently, Moilanen et al. (2014) explored the action of different mediators to
reduce hydrolytic enzymes adsorption with consequent increase in the enzymatic
hydrolysis yields.

As regards hardwood biomasses, laccase action is more pronounced (Table 2).
Kuila et al. (2011a, b) reported the ability of laccase alone to delignify unpretreated
bamboo wood with consequent efficient saccharification. More recently, Kumar
et al. (2017) set up a simultaneous pretreatment and saccharification process by
utilizing laccases with cellulases in order to obtain sugars for biobutanol production
from bamboo. Thanks to its rapid growth and high biomass-producing woody,
eucalyptus is an interesting hardwood biomass for biofuel production and was
successfully pretreated by laccase (Rico et al. 2014) obtaining a delignification of
about 20%. The action of the laccase was enhanced by using methyl syringate as
mediator (50% of delignification) with a consequent increment in saccharification
yield (about 40%). Laccases were also applied on pretreated eucalypt wood with or
without LMS. In all reported studies (Table 2), the effect of laccases was not only on
delignification but also on detoxification of pretreated biomasses. Noteworthy are
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the results reported by Gutiérrez and co-workers (Gutiérrez et al. 2012). The authors
observed up to 48% lignin removal by using a combination of enzymatic
pretreatment and alkaline extraction. The high delignification yield was linked to
high glucose yield (61%) and ethanol production (over 4 g/L). To the best of our
knowledge, only one paper reports the application of bacterial laccase to pretreated
hardwood biomasses. Singh and co-workers (Singh et al. 2017) highlighted the
biocatalytic potential of bacterial enzymes in delignification of steam-pretreated
poplar. The small laccase (SLAC) from Amycolatopsis sp. 75iv3 allowed to reduce

Table 1 Application of laccases for detoxification and delignification of different pretreated
softwoods

Pretreated
softwood Laccase Mediator Effect Reference

Dilute
acid
steam-
pretreated
spruce

Trametes versicolour – Removal of furans and
phenolic compounds by
93–95%. Ethanol yield
similar to that obtained
after detoxification with
anion exchange
chromatography

Larsson
et al.
(2003)

Steam-
pretreated
spruce
(Picea
abies)

Cerrena unicolour
PM170798

– The lignin removal
directly correlated with
increases (approxi-
mately 12%) in
saccharification.

Moilanen
et al.
(2011)

Steam-
treated
softwood
chips
(Picea
abies)

3 laccases preparations
from Mauginiella sp.,
Melanocarpus
albomyces, and
Trametes hirsuta

N-hydroxy-N-
phenylacetamide
(NHA)

The highest conversion,
65% of polysaccha-
rides, was obtained with
the sequential use of the
oxidative and hydro-
lytic enzymatic
treatments

Palonen
et al.
(2003)

Acid
steam-
pretreated
spruce

T. hirsuta NHA Lignin modification
showing both modified
hydrophobicity and
surface charge. Enzy-
matic hydrolysis yield
increased 1.61-fold
compared to laccase
alone

Palonen
and
Viikari
(2004)

Acid
steam-
pretreated
spruce

T. hirsuta Acetosyringone,
ABTS, HBT, and
TEMPO

Reduction of hydrolytic
enzymes adsorption
except with HBT.
Increment of enzymatic
hydrolysis by 54% and
49% with ABTS and
TEMPO, respectively.
No positive effects with
HBT

Moilanen
et al.
(2014)
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acid-soluble lignin of about 15% through oxidation of syringyl units of lignin, acting
synergistically with commercial cellulases with a consequent increment of glucose
production (about 8%).

Table 2 Application of laccases for detoxification and delignification of different hardwoods

Hardwood Pretreatment Mediator Effect Reference

Milled
material
from
Thorny
bamboo

Pleurotus sp. – Range of delignification
between 84 and 89%. Better
accessibility of hydrolytic
enzymes and efficient sac-
charification of Bambusa
bambos

Kuila et al.
(2011a, b)

Bamboo Pleurotus djamor – Simultaneous pretreatment
and saccharification leading
to 72.44% saccharification
efficiency. Butanol content
of 6.45 g/L

Kumar
et al.
(2017)

Eucalypt
wood
milled

Four cycles of
Myceliophthora
thermophila laccase and
alkaline peroxide
extraction

Methyl
syringate

Up to 50% lignin removal
directly correlated with
increases (about 40%) in
sugars yield. The
pretreatment using laccase
alone (without mediator)
removed up to 20% of lignin
from eucalypt wood

Rico et al.
(2014)

Eucalyptus
globules

Four cycles of
M. thermophila laccase
and alkaline peroxide
extraction

– Up to 20% of lignin loss after
four cycles treatment with an
increment of glucose pro-
duction by 9%

Rico et al.
(2015)

Steam-
exploded
eucalypt
wood

Novozyme 51003 HBT LMS treatment yielded an
increase in delignification of
13.9% without affecting pulp
properties. LMS increased
the glucose yield from 24.7
to 27.1%, probably as a
result of the detoxification of
the substrate

Martin-
Sampedro
et al.
(2011,
2012)

Milled
materials
from euca-
lypt wood

T. villosa laccase and
alkaline extraction

HBT Up to 48% lignin removal
with high glucose yield
(61%) and ethanol produc-
tion (over 4 g/L). The treat-
ments with laccase alone
(without mediator) decreased
the lignin content of only 5%

Gutiérrez
et al.
(2012)

Steam-
pretreated
poplar

Bacterial laccase from
Amycolatopsis sp.

Reduction of molar mass
lignin (about 50%). About
8% increment of glucose
yield

Singh
et al.
(2017)
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2.2 Agricultural Residues

The broad term ‘agricultural waste’ is generally referred to any lignocellulosic
residue produced by agrofood industries. Nevertheless, these residues can be further
divided into two main categories depending if they are generated during the
harvesting (primary biomass residues) and the processing (secondary biomass res-
idues) of agricultural crops. Agricultural residues are produced during harvesting
and are those considered in this paragraph. The residues most frequently tested are
represented by wheat, and only few papers utilize different residues (corn, cotton,
barley, rice, and pineapple).

When considering the laccase-mediated valorization of agricultural residues
(Table 3), the most of examples rely on the exploitation of laccases as detoxification
agent, rather than as delignifying one. Furthermore, even when laccases are used to
delignify residues, they are very frequently used in combination with other
pretreatment techniques and seldom alone (Hyeon et al. 2014; Davidi et al. 2016).
Depending on laccases source, the treatments have been carried out at a wide range
of pH, temperature, treatment time, and enzyme loading. Different phenol removal
efficiencies have been described with different laccases, and reduced laccase effec-
tiveness in detoxification has been reported at increasing viscosity of the medium
(Moreno et al. 2013a). Moreno et al. tested the efficiency of laccase treatment before
or after enzymatic hydrolysis, obtaining the highest phenol reduction (93–94%)
when the laccase treatment was carried out before the enzymatic hydrolysis. Laccase
action improved the fermentation performance of the thermotolerant yeast
Kluyveromyces marxianus strain used, shortening its lag phase and enhancing the
ethanol yields (Moreno et al. 2012). The ability of laccases in the detoxification of
pretreated biomasses enabled working at high-substrate loading, resulting in the
possibility to reduce freshwater and energy consumption without affecting the yields
of the final product (Moreno et al. 2013b, c).

A unique example of laccase treatment with immobilized enzyme is present in the
recent literature (Ludwig et al. 2013). The immobilized T. versicolour laccase
efficiently removed phenolic compounds from a wheat straw organosolv fraction,
with a consequence increase of the fermentation performance of the yeast Pichia
stipitis. The immobilized laccase was efficiently reused, and an in situ product
removal was achieved since insoluble products precipitated onto the carrier surface.

Few examples of residue valorization using bacterial laccases are present in the
literature (Moreno et al. 2016a; De La Torre et al. 2017; Rocha-Martín et al. 2018),
mainly due to the lower redox potential of these enzymes with respect to the fungal
laccases. Moreno et al. (2016a) assayed the use of a novel bacterial laccase
(MetZyme®) for enhancing the hydrolysability and fermentability of steam-
exploded wheat straw. Albeit a low phenol reduction was measured, it was sufficient
to improve the fermentation performance during a simultaneous saccharification and
fermentation (SSF) process. De La Torre et al. (2017) compared the efficiencies of a
commercial fungal laccase from T. villosa with a bacterial laccase from S. ipomoeae
for delignification and detoxification of steam-exploded wheat straw. When the
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reduction of lignin was considered, a slight reduction in lignin content and a
consequent increase in both glucose and xylose production was detected with the
bacterial laccase, while no effect was produced by the T. villosa laccase. Conversely,
a higher efficiency in the decrease of the phenol content was measured using the
fungal laccase with respect to the treatment performed with the S. ipomoeae laccase.

With the aim to get insights into lignin modifications, some authors carried out
detailed analyses (Lu et al. 2010; Li et al. 2012; Qiu and Chen 2012; Wang et al.
2013; Rencoret et al. 2016; Banerjee et al. 2019). When the Sclerotium sp. laccase
was employed in combination with steam explosion, the authors suggested that the
laccase could oxidize the aromatic ring of lignin resulting in the formation of
micropores which contributed to loosening the compact wrap of lignin-carbohydrate
complex and consequently enhancing the enzymatic hydrolysis efficiency of cellu-
lose (Qiu and Chen 2012). Rencoret et al. (2016) performed two-dimensional
nuclear magnetic resonance (2D NMR) analysis of the whole wheat straw material
pretreated with a P. cinnabarinus laccase in the presence of HBT as mediator. The
authors highlighted the formation of Cα-oxidized lignin units during the enzymatic
treatment, showing the selective action of laccase-mediator on the lignin moiety,
with respect to the polysaccharide signals. Avanthi and Banerjee (2016) performed
detailed analysis to verify the existence of a correlation between biomass composi-
tion and laccase-mediated lignin degradation. According to their results, G-type
lignin has synergistic effect on laccase-mediated delignification, while the presence
of S type lignin showed antagonistic relationship with laccase adsorption and
delignification.

Contradictory effects due to laccase action have also been described due to the
formation of laccase-derived compounds from phenols inhibiting cellulolytic
enzymes and/or to the occurrence of grafting phenomena. For example, Oliva-
Taravilla et al. (2015b) showed a decrease in the yield of the enzymatic hydrolysis,
due to oligomeric products derived from the oxidative polymerization of vanillin and
syringaldehyde byM. thermophila laccase. Interestingly, Rocha-Martin et al. (2018)
highlighted the existence of a lower inhibiting effect of the enzymatic hydrolysis by
bacterial laccase, when comparing the performance of commercial bacterial
(S. ipomoeae) and fungal (M. thermophila) laccases on pretreated corn stover and
sugarcane straw. As for grafting, lignin-derived phenols resulting from pretreatment
of biomass can be oxidized by laccase to phenoxy radicals, which can undergo
polymerization by radical coupling onto materials, resulting in an increment of the
lignin content (Oliva-Taravilla et al. 2015a).

Particularly interesting are those works designed to obtain better processes
integration through the simultaneous action of laccases and hydrolytic enzymes by
genetic engineering (Zhang et al. 2012; Hyeon et al. 2014; Davidi et al. 2016) or by
mixing extracellular products (Wang et al. 2017). Zhang et al. (2012) heterologously
expressed a laccase from Trametes sp. AH28-2 in the cellulolytic fungus
Trichoderma reesei and obtained an increased enzymatic saccharification of cellu-
losic materials by the laccase producing strains. The integration of laccase activity
into cellulosome systems has been successfully obtained (Hyeon et al. 2014; Davidi
et al. 2016). In particular, Davidi et al. (2016) incorporated the laccase from the
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aerobic bacterium T. fusca into a cellulase- and xylanase-containing cellulosome.
The resulting complex allowed doubling the amount of reducing sugars released
from untreated wheat straw compared with the same system lacking the laccase.
Inspired by a similar idea, Wang and co-workers (Wang et al. 2017) built a
composite enzymatic system mixing the extracellular products of the white-rot
fungus E. taxodii with cellulolytic enzymes. A synergistic action between the
extracellular products and cellulases was observed during the valorization of acid-
pretreated and raw maize stovers.

2.3 Agrofood Wastes

The food supply chain is characterized by huge waste losses, whose volume and
composition depend on the phase they are produced at (harvesting, processing,
distribution, and consumption). Postharvest losses are very variable, being a function
of the technology available in a country, the extent to which markets have developed
for a specific crop, as well as of the crop perishability (Parfitt et al. 2010). Apart from
harvesting, according to European Commission, up to 42% of food waste
(FW) derives from households, 39% is produced by food manufacturing industry,
14% pertains to food service sector (catering, restaurants), and only the remaining
5% is a surplus of market chain. Despite the strong push towards the prevention of
FW in all the stages of food life cycle, FW production is expected to reach about
126 Mt by 2020 (Mirabella et al. 2014). Besides representing an economic and
environmental issue, most of waste generated from the food industry is lignocellu-
losic in nature, being potential substrate for the production of high-added value
products (Ravindran and Jaiswal 2016).

Laccases were applied to valorization of different types of AFWs. Most of the
reported examples refer to wastes derived from sugarcane biomass, only a few of
them concern other sources (Tables 4, 5, and 6). In the frame of AFW valorization,
laccases were exploited in two main processes: (1) delignification followed by
saccharification (sequential process) and (2) concomitant delignification and sac-
charification (simultaneous process) (Tables 4 and 5).

In most of the described processes, laccases act directly on the biomass as the
only delignificant agent (Table 4). Pretreatment conditions differ in operating
parameters, such as, pH, temperature, enzyme loading, enzyme/biomass ratio, and
incubation time and are strictly dependent on the biochemical properties of the tested
laccases. Although fungal laccases are the catalysts of choice, the synergistic action
of the whole ligninolytic enzymatic systems produced by selected fungi was effec-
tively exploited for pretreatment of sugarcane bagasse (Asgher et al. 2013) and
Jerusalem artichoke (Ji et al. 2014). In the latter case, the authors formulated a new
enzymatic cocktail for simultaneous delignification and hydrolysis, based on a
psychrophilic lignocellulosic enzymatic mixture from C. cladosporioides and a
commercial xylanase. The wide thermal adaptability in mesophilic and low temper-
atures of the characterized enzymatic mixture provided consistency of hydrolysis
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and further fermentation at ambient temperatures (Ji et al. 2014). Bacterial laccases
were applied only in limited cases (Chen et al. 2013). When the laccase from the
moderately thermophilic T. fusca was added to the enzymatic cocktail for sugarcane
bagasse hydrolysis, it significantly enhanced the saccharification yield. The enzyme
was recombinantly produced in E. coli, thus supporting the cost-effectiveness of the

Table 5 Laccase-based combined processes for AFW pretreatment

AFW Combined treatment Process Laccase source Reference

Sugarcane
bagasse

Steam explosion
followed by laccase

Simultaneous Ganoderma
lucidum
T. versicolour

Sitarz et al.
(2013)

Palm oil fruit
residues

Superheated steam
(SHS) followed by
laccase

Sequential T. versicolour Rizal et al.
(2018)

Corncobs Hydrodynamic cavi-
tation with laccase

Delignification T. versicolour Thangavelu
et al. (2018)

Agave bio-
mass waste

Autoclaving followed
by laccase

Sequential T. versicolour Sánchez-
Ramírez et al.
(2018)

Sugarcane
bagasse

Laccase followed by
microwave

Delignification and
hemicellulose
extraction

Novozyme
laccase OMNO
7015

Nie (2019)

Sugarcane
bagasse and
straw

LMS followed by
alkaline peroxide
extraction

Sequential P. cinnabarinus Rencoret
et al. (2017)

Rice straw Dilute acid followed
by laccase

Simultaneous T. versicolour Kumar et al.
(2019)

Table 4 Laccase-based processes for AFW pretreatment

AFW Process Laccase source Reference

Sugarcane bagasse Sequential Pleurotus ostreatus ligninolytic
mixture

Asgher et al.
(2013)

Sugarcane biomass Simultaneous Bacterial laccase from T. fusca Chen et al.
(2013)

Bagasse and Jerusa-
lem artchoke

Simultaneous Cladosporium cladosporioides
ligninolytic mixture

Ji et al. (2014)

Palm oil fruit residues Sequential Laccase 51003 from
M. thermophila

Rashid Shah
et al. (2016)

Sugarcane tops Sequential Laccase from P. djamorr Sherpa et al.
(2018)

Apple pomace
Coffe silver skin
Potato peels

Sequential Native Laccases mix from
P. ostreatus
Recombinant P. ostreatus laccase

Giacobbe et al.
(2018)

Brewer’s spent grains Sequential Native laccases mix from
P. ostreatus
Recombinant P. ostreatus laccase

Giacobbe et al.
(2019)
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process (Piscitelli et al. 2010). Statistical optimization of process parameters was
applied to laccase-promoted delignification process (Rashid Shah et al. 2016; Sherpa
et al. 2018). Delignification of sugarcane tops by P. djamor laccase was optimized
through Response surface methodology and its effectiveness substantiated by the
consequent improvement in saccharification yield (Sherpa et al. 2018). The depoly-
merization effect of laccase on the substrate was also confirmed by structural
analyses. Interestingly, low-molecular compounds formed during delignification
were proposed to act as natural laccase mediators, contributing to process economy
and sustainability (Sherpa et al. 2018). Particularly interesting is the process pro-
posed by Giacobbe et al. for the treatment of different kinds of AFWs (Giacobbe
et al. 2018, 2019). The authors tested different combinations of P. ostreatus laccases
with and without the addition of a natural phenolic mediator, designing a sequential
protocol in which delignification and following saccharification occur in the same
bioreactor without any washing step. The two enzymatic steps are separated only by
a short thermal deactivation phase, in order to overcome the observed inhibition of
cellulase activity caused by laccases. It is worth to note that significant differences
emerged in the way of action of the tested enzymes. The native mix from
P. ostreatus displayed a tendency to graft phenols, causing increase in the lignin
content, conversely the main action of the recombinant POXA1b laccase was in
lignin degradation (Giacobbe et al. 2018, 2019).

Examples of AFW pretreatment based on the combination of laccases together
with chemical/physical methods are listed in Table 5. The processes are aimed at
improving biomass delignification (Thangavelu et al. 2018), hemicellulose extrac-
tion (Nie 2019), or saccharification yield (Sitarz et al. 2013; Rencoret et al. 2017;
Rizal et al. 2018; Sánchez-Ramírez et al. 2018). Thangavelu and co-workers coupled
T. versicolour laccase to hydrodynamic cavitation and applied the combined method
to the pretreatment of corncobs. Both biomass and biocatalyst were circulated
continuously throughout the reactor, leading to high delignification with low energy
requirement. Morphological studies confirmed the deconstruction of biomass with-
out modification of the cellulose structure (Thangavelu et al. 2018). A two-step

Table 6 Laccases promoted detoxification of pretreated AFWs

AFW Pretreatment method Laccase source Reference

Sugarcane
bagasse

Steam-explosion and cellulotytic
enzyme hydrolysis

T. versicolour Martín et al. (2002)

Sugarcane
bagasse

Acid hydrolysis Cyathus
stercoreus

Chandel et al. (2007)

Rice straw Acid hydrolysis C. perennis
Novozyme
laccase 51003

Kalyani et al. (2012)

Apple
pomace

Acid hydrolysis T. versicolour Parmar and
Rupasinghe (2012)

Sugarcane
bagasse

Acid hydrolysis Bacillus subtilis Hu et al. (2018)
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process in which laccase pretreatment was followed by microwave-assisted alkaline
extraction of hemicellulose was applied to sugarcane bagasse. Besides reducing
lignin content, laccase treatment structurally altered the bagasse, increasing its
specific surface area and porosity, thus enhancing the following hemicellulose
extraction (Nie 2019).

In most of the reported examples, the efficiency of laccase-combined pretreat-
ments was evaluated in terms of improvement of following saccharification step. A
survey of reported results indicates that the effect of the applied treatment is strongly
influenced by the choice of proper laccase as well as by the lignin composition of the
AFW of interest. For example, Sitarz et al. (2013) verified that the addition of the
laccase-rich G. lucidum broth to a state-of-art cellulase preparation significantly
increased the cellulolytic yield of steam-exploded sugarcane bagasse. In contrast,
the spiking with T. versicolour laccase produced an inhibitory effect on the same
cellulase mixture. The authors hypothesized that the higher Kcat/KM or redox
potential of G. lucidum laccase with respect to T. versicolour one caused a faster
and more extensive solubilization of lignin degradation products, promoting cellu-
lase adhesion. Alternatively, the enzymes may display different selectivity towards
potential cellulase inhibitors derived from lignin hydrolysis (Sitarz et al. 2013).
When the same T. versicolour laccase was combined to superheated steam (SHS)
for the pretreatment of oil palm biomass, an enhancement of subsequent enzymatic
hydrolysis was observed, as a consequence of the structural rearrangement occurring
on lignin (Rizal et al. 2018). However, in this case, a sequential process was applied
by introducing a washing step between the delignification and saccharification, in
order to prevent any inhibitory effect on cellulases (Rizal et al. 2018). Rencoret et al.
(2017) pointed attention on the lignin structural features that may influence the
mechanism of laccase action. The LMS composed of the high-redox potential
laccase from P. cinnabarinus and 1HBT as mediator was exploited to remove
and/or modify the lignins in the sugarcane bagasse (S-rich lignin) and straw residues
(G-rich lignin). The LMS pretreatment, followed by alkaline peroxide extraction,
produced a rather similar lignin removal from both materials despite their different
lignin composition (H/G/S ratio), suggesting that other features, i.e. the presence of
p-coumarates acylating the γ-OH of the lignin side chains, may adversely affect
laccase action (Rencoret et al. 2017). This scenario entirely changed when the
treatment was carried out in the absence of mediator. In this case, the difference in
lignin composition between the two materials resulted in a more pronounced lignin
degradation in the straw with respect to bagasse (Rencoret et al. 2017). The overall
economy of laccase-based process would benefit from enzyme immobilization on
solid support, facilitating its recovery and reuse. However, when free and
immobilized T. versicolour laccases were tested on previously autoclaved agave
biomass waste, only the free enzyme led to raise the subsequent saccharification
yield, while immobilized samples strongly impaired it. It was proposed that the
formation of a complex between the nanocomposite, reaction products and biomass
may hinder the interaction of cellulose with hydrolytic enzymes, preventing its
hydrolysis (Sánchez-Ramírez et al. 2018). Conversely, in a more recent report,
Kumar et al. (2019) succeeded in setting up an immobilized enzyme cocktail
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comprising cellulases and the T. versicolour laccase for the simultaneous detoxifi-
cation and saccharification of pretreated rice straw. The reusability of the enzyme
cocktail in the simultaneous process was verified up to eight cycles, conferring an
economic advantage to the process. The effectiveness of the strategy was further
confirmed by the improvement in yeast performance and enhanced ethanol produc-
tion in subsequent fermentation step (Kumar et al. 2019).

Finally, several examples of laccase-promoted detoxification of chemically/phys-
ically hydrolysed biomasses were described (Table 6). Treatment of sugarcane
bagasse hydrolysates with laccases from different sources was effective in removing
most of phenolic compounds, resulting in improvement of yeast performances in
subsequent ethanolic fermentation of hydrolysates (Martín et al. 2002; Chandel et al.
2007). Although laccase treatment did not eliminate other classes of inhibitors such
as acetic acid, furfural, and 5-hydroxy-methyl-furfural, it brought about negligible
loss in total sugars when compared with other chemical or physical detoxification
methods (Chandel et al. 2007). As already described for delignification process
(Sitarz et al. 2013; Giacobbe et al. 2018), laccases from different sources displayed
also different performances in detoxification. For example, a newly isolated laccase
from Coltricia perennis displayed a higher efficiency in removal of phenolic com-
pounds in acid-pretreated rice straw, with respect to a commercial Novozyme
laccase (Kalyani et al. 2012). On the other hand, the application of a bacterial laccase
to detoxification of hydrolysed sugarcane bagasse did not increase following
biohydrogen production, suggesting that detoxification provided by laccase action
was not suitable for the thermophilic anaerobic bacteria used in the fermentation step
(Hu et al. 2018).

3 Conclusions/Future Prospective

Laccase-based processes allow achieving ethanol yield, glucose conversion, and
delignification and detoxification percentages similar or higher than conventional
methodologies. Hence, in the current biorefinery concept, laccases constitute a
powerful biotechnological tool towards the achievement of the EU Bioeconomy
Strategy. The most important obstacle to laccases exploitation is the cost of both
enzymes and redox mediators.

Now days, marked efforts are being made in order to achieve both cheap
overproduction of laccases and their engineering aimed at gaining more robust and
active enzymes (Piscitelli et al. 2011; Pezzella et al. 2017).

Moreover, the possibility to recover natural mediators and to produce
lignocellulolytic enzymes from wastes themselves represents a step forward the
process circularity.
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Abstract Laccases have attracted scientists and practitioners already since a long
time, due to their catalytic versatility, robustness, and potential usability for a wide
spectrum of diverse applications. In lignocellulose decaying microorganisms, laccases
and further enzymes frequently form suites of biocatalysts cooperating in decay type-
specific concerted actions. Such possible natural enzymatic interactions have largely
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inspired biotechnological concepts aiming at the use of multi-enzyme cocktails or
enzyme cascades for diverse applications such as wastewater treatment, biorefinery
approaches targeting the production of biofuels and platform chemicals, as well as
pharmaceutical and industrial biotransformations. This chapter illustrates both proven
and potential (albeit still rather hypothetical) cooperations between laccases and other
microbial enzymes. The thereby addressed types of cooperation involve (1) enzymes
being structurally and catalytically similar to laccases such as tyrosinases, which may
complement laccase reactivity; (2) enzymes (or subsequent reactions) fueled with
substrates (or reactants) generated during laccase reactions, as exemplified for lignin-
modifying manganese peroxidases and β-etherases; and (3) enzymes potentially
producing substrates for laccases, e.g., unspecific peroxygenases.

1 Introduction

Laccases have attracted scientists and practitioners since decades, due to their
catalytic versatility, robustness, and potential usability for a wide spectrum of
applications (Giardina et al. 2010; Pezzella et al. 2015; Rodgers et al. 2010).
These enzymes have been considered as biocatalysts for environmental biotechnol-
ogy and biorefinery applications; in the textile, pharmaceutical, food, and cosmetic
industries; as well as for polymer synthesis and grafting (Majeau et al. 2010; Pezzella
et al. 2015; Roth and Spiess 2015). In fungi, laccases usually co-exist with numerous
other enzymes active on certain polysaccharide and lignin components of lignocel-
luloses. Together these enzymes form cooperating suites of biocatalysts contributing
to lignocellulose decomposition in decay type-specific concerted actions (Bissaro
et al. 2018; Sutzl et al. 2018). Such natural enzymatic interactions and growing
knowledge regarding the underlying biochemical mechanisms and ecological prin-
ciples have led to biotechnological concepts targeting the use of multi-enzyme
cocktails or enzyme cascades for diverse applications such as wastewater treatment,
biorefinery approaches aiming at the valorization of lignocellulosic biomass for the
production of biofuels and platform chemicals, and pharmaceutical or industrial
biotransformations (Ba and Vinoth Kumar 2017; Martinez et al. 2017; Pollegioni
et al. 2015; Roth and Spiess 2015).

This chapter attempts to illustrate both proven and potential cooperation between
laccases and other enzymes of microorganisms, which may not necessarily be
operative in nature but could potentially support the development of future multi-
enzyme biocatalysts. Such cooperation could involve structurally and catalytically
similar enzymes such as tyrosinases, which are frequently produced along with
laccases, and may complement laccase reactivity and thus widen the scope of
enzyme applicability (Ba and Vinoth Kumar 2017; Morin et al. 2012) as outlined
in Sect. 2 (Fig. 1). Going beyond the focus of chapters “Fungal Laccases and Their
Potential in Bioremediation Applications” and “Bacterial Laccases: Some Recent
Advances and Applications”, which describe fundamental structural characteristics
and reaction mechanisms of fungal and bacterial laccases, Sect. 2 aims to provide a
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detailed and comparative reasoning for the selectivity and substrate specificity of
laccases and tyrosinases and to explain important factors influencing the activity and
reaction rates of these enzymes. Such characteristics would have to be considered as
a starting point for successful design of multi-enzyme biocatalysts.

The following Sects. 3 and 4 are intended to extend the scope of potential
biocatalytic cooperations to enzymes being structurally and catalytically more
distant from laccases. In order to provide a broad overview of related possible
interactions and their potential exploitation, Sects. 3 and 4 abstain from in-depth
structure-function considerations and instead generally focus on reactions enabling
the sequential action of different enzymes for an intended purpose. A potential type
of cooperation in this context, explained in more detail in Sect. 3, refers to supply of
other enzymes or subsequent reactions with substrates or reactants generated during
laccase reactions (Fig. 1). Finally, laccases may utilize products formed by other
enzymes as substrates (Fig. 1) as described in Sect. 4. It has to be noted that
particular cooperation types, e.g., those potentially involving laccase and CAZy
AA3 or AA6 oxidoreductases during quinone redox cycling, combine interaction
types of Sects. 3 and 4 since in this case laccases would produce substrates (i.e.,
quinones) for quinone reductases and at the same time receive substrates (i.e.,
diphenols such as hydroquinones) from these reductases (Fig. 1). Similarly, β-

Laccases

Fungal class-II heme peroxidases (CAZy family AA2)
LPMOs

Tyrosinases

Mono- and dioxygenases
Unspecific peroxygenases (UPOs)

CAZy AA3 and AA6
oxidoreductases
b -Etherases

Enzymes catalyzing aroma�c hydroxyla�on:

fuel further enzymes/reac�ons
with substrates/reactants

Fig. 1 Types of potential cooperation between laccases and other enzymes addressed in this
chapter. Examples for potentially cooperating enzymes are also shown. It is worthwhile to note
that in some cases laccases may supply their cooperation partners with substrates as well as receive
substrates from them. For further explanations, please refer to Sect. 1

Laccases in the Context of Potentially Cooperating Enzymes 81



etherases may be supplied by laccases with substrates, but they could also produce
potential laccase substrates (Fig. 1; Sects. 3.3 and 4.2). While primarily focusing on
fungal enzymes, we have also addressed bacterial ones where this deemed obvious.

2 Enzymes Complementing Laccase Reactivity: Tyrosinase

To lay down a background for evaluation, possibilities, and challenges ahead of
cooperation between laccases with polyphenol oxidases, mainly tyrosinases, this
section overviews the common points and differences between the mechanisms and
activities of these two large groups of cuproenzymes.

2.1 Laccase

In the following, major catalytic characteristics of laccases are explained in more
detail together with the respective underlying structural determinants of these
enzymes and their substrates.

2.1.1 Reaction and Mechanism

To reduce molecular oxygen to water, laccase (EC 1.10.3.2; benzenediol/oxygen
oxidoreductase) accepts electron-donating substrates (Thurston 1994). During a
catalytic cycle of laccase, four electrons are detached from four molecules of the
reducing substrate through a one-electron mechanism. Then the electrons, one by
one, are delivered to oxygen to produce two molecules of water. The oxidized
substrate, as a result of losing one electron to laccase, is a free radical which
inevitably pursues stability via further reactions (Thurston 1994).

O2 + 4(reduced substrate) 2H2O + 4(oxidised substrate)
Laccase

Further reactions

The catalytic activity of laccase is orchestrated by a delicate layout of four copper
ions in a conical space in its active site where a single copper ion (T1) is at the top of
the cone and a trinuclear copper cluster (T2/T3) sits at the bottom (Bertrand et al.
2002). A bridge of His–Cys–His, about 12 Å, connects T1 to T2/T3 center. Laccase
is activated when molecular oxygen sits on T2/T3 site, but electron capture from the
reducing substrate happens at T1 site (Agrawal et al. 2018). As a result, the
coordination atmosphere of this copper ion is very important to both catalytic
activity and substrate selectivity of laccase.
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2.1.2 Redox Potential of T1

Experimental evidence indicates that the electron transfer from the reducing sub-
strate to T1 follows an outer-sphere mechanism. This means that the substrate does
not need to be in the ligating distance of T1 and pose in a special direction to form a
coordination bond. Therefore, because of the potential difference between the
substrate and T1, electron transfer happens through the space once the substrate
enters the substrate channel1 of laccase (Xu et al. 1996). Taking this fact into
account, laccases are categorized based on the redox potential (E0 versus standard
hydrogen electrode) of T1 to low (E0 close to 430 mV), medium (430–710 mV), and
high (E0 about 780 mV) potential oxidases (Yang et al. 2017).

Sensibly, there must be a correlation between the T1 redox potential and its
surrounding amino acids. As shown, laccases of Trametes hirsuta, Trametes
versicolor, and Trametes villosa with the same amino acid composition around T1
had similar E0, while laccases with more changes in that composition had lower
potentials (Shleev et al. 2004). Nonetheless, this trend was not followed in all the
examined cases. In a study on several fungal laccases, Xu et al. (1996) showed that,
despite the large variation in their E0, the blue copper sites of these enzymes had
similar EPR and spectroscopic features indicating that the ligating residues of T1
were in similar structures. Accordingly, they concluded that the different E0(s) could
not be merely attributed to the ligating amino acids of T1. To verify this conclusion,
Xu et al. (1998) changed some key surrounding residues of T1 of Rhizoctonia solani
(E0 ¼ 0.73 V) and Myceliophthora thermophila (E0 ¼ 0.48 V) laccases by applying
single and triplet site-directed mutations. Interestingly, neither the single nor the
triplet mutants obtained significantly different E0 as compared with those of the wild
types. These results indicate that, in addition to the amino acid composition,
the folding of the protein structure, which influences both the exact distances and
the geometry of the surrounding residues with respect to T1, has important impact on
the redox potential of T1 of a laccase.

2.1.3 Substrate Selectivity

Electronic Effect and Activity

The difference between the redox potentials (ΔE0) works as the main driving force
for the reaction of a laccase with a reducing substrate. An electron-donating substit-
uent (EDS) on a reducing substrate increases the charge density of the whole
molecule and decreases its redox potential (Roy et al. 2009). As a result, the chance
of electron transfer from the substrate to laccase is increased. No doubt that an
electron-withdrawing substituent (EWS) affects the chance of this event inversely.

1O2 binds to the T2/T3 center. Therefore, the channel for molecular oxygen differs from the binding
site of the reducing substrate, which approaches the T1 center.
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Xu (1996) reported kcat values of Polyporus pinsitus laccase (320, 2400, and
3600 min�1) for 4-nitro guaiacol, guaiacol, and 4-methyl guaiacol, respectively.
This data shows the effects of EWS and EDS on the laccase reaction. In parallel with
this result, from a study on several derivatives of cinnamic acid, benzoic acid, and
catechol, Glazunova et al. (2018) concluded that all the benzoic acid derivatives, in
which the EWS (–CO2H) was directly attached to the aromatic ring, had lower rates
of reactions in comparison with those of cinnamic acid derivatives. However, in
these studies, it was hard to separate the electronic effect of a substituent from the
hydrophobic effect of the molecule because of different sizes of the examined
substrates. For instance, Glazunova et al. (2018) observed that hydroxyl group had
more positive effect on the rates of benzoic acids reactions than a methoxy group,
whereas the opposite trend was true for cinnamic acid derivatives.

To examine the electronic effect of a substituent, Moshtaghioun et al. (2011)
studied oxidation of some synthetic diazo derivatives of guaiacol (S1, Fig. 2) by the
extracellular Neurospora crassa laccase. Since the structural skeleton of the exam-
ined substrates were the same and the enzymatic reactions were monitored directly
through the consumption of the substrates, from the decrease in the substrate optical
density at its λmax and not the formation of products, the changes in the kinetics could
be solely ascribed to the effect of the substituents. Results of this study clearly
showed the instant rates of the reactions (�dA/min) had the trend of –OCH3 > –

CH3 � –H> –SO2NH2 > –Cl, while the Vmax(s) of these substrates were in the same
range (Moshtaghioun et al. 2011). This result could be explained based on the radical
nature of laccase reaction as the electron demand of organic radicals varies dramat-
ically with the structure and induction effect of a substituent. Therefore, the effect of
EWS or EDS on stabilization of a radical species (the product, intermediate, or
transition state) is different from what is seen for an ion. This results in different
Hammett constants for EWS and EDS on a radical (Wang et al. 2010).

Redox Potential and T1 Cavity

The outer-sphere mechanism explains low selectivity of a laccase for oxidation of
various molecules with little structural similarities such as ABTS,
2,6-dimethoxyphenol (Thurston 1994), and even K4[Fe(CN)6] (Shleev et al.
2004). Nonetheless, the share of folding of the protein structure of a laccase which
can play key role in architecting the shape and the size of the site where T1 is located
should not be underestimated. The overlaid structures of T. versicolor laccase
(LacIIIb) and Coprinus cinereus laccase (Lac-Cc) reveal that the T1 cavity of
Lac-Cc has a wider opening (Bertrand et al. 2002). Similarly, by a comparative
study on the crystal structures of an ascomycete (Melanocarpus albomyces)
laccase with a basidiomycete (C. cinereus) laccase, Hakulinen et al. (2002) demon-
strated that M. albomyces had a narrower T1 cavity in comparison with that of
C. cinereus laccase.

The discrepancies between the T1 sites of various laccases are sensed in kinetics
studies. A good example of these studies was reported by Xu (1996). He showed
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different recombinant laccases [(P. pinsitus laccase, E0 � 0.8 V); (R. solanilaccase
laccase, E0 � 0.8 V); (M. thermophila, E0 � 0.5 V); (Scytalidium thermophilum,
E0� 0.5 V)] obtained distinctly different kinetic parameters, while the structure(s) of
the selected substrate(s) and inhibitor(s)2 were the same. For instance, despite their
similar E0, the Km values ofM. thermophila laccase and S. thermophilum laccase for
S6 (Fig. 2) were 0.92 and 0.13 mM with kcat values of 23 and 4.9 min�1, respec-
tively. In the same manner, the IC50 of NaCl for M. thermophila laccase was
600 mM, while it was only 0.4 for S. thermophilum laccase (Xu 1996).

Size and Steric Hindrance

A part of Xu’s work also elucidated the steric effect of different derivatives of
phenolic compounds on the laccase activity. He found that the effect of a bulky
substituent at para position on the laccase activity was insignificant. In contrast, a
large substituent at ortho position of the phenolic ring could considerably decrease
the laccase activity. For instance, P. pinsitus laccase showed almost no activity in the
presence of S7 (Fig. 2), but its activity in the presence of S6 (Km ¼ 0.1 mM,
kcat ¼ 2200 min�1) and S8 (Km ¼ 0.27 mM, kcat ¼ 2100 min�1) was almost
unaffected despite the large difference in the sizes of the para substituents of these
substrates (Xu 1996). Using structure S9 (Fig. 2), d’Acunzo et al. (2002) also
showed that P. pinsitus laccase activity was hindered in the presence of derivatives
with n > 2 even when a co-solvent was used to increase the solubility of these
compounds. Another good example was reported by Glazunova et al. (2018). They
found that the specific activity of T. hirsuta, Coriolopsis caperata, Antrodiella
faginea, and Steccherinum murashkinskyi laccases in the presence of various
coumaric acids followed the order of para > ortho > meta. For example, A. faginea
laccase showed specific activities of 289 and 49 (μM μg�1 min�1) with para- and
ortho-coumaric acids, respectively, but it failed to show any activity with meta-
coumaric acid. Interestingly, laccases of A. faginea and S. murashkinskyi did not
show any activity on 2,5-xylidine which has only a methyl group atmeta position. In
a similar way, the large difference between the average specific activities of laccase
with catechol (294,524 μM μg�1 min�1) and orcinol (1374 μM μg�1 min�1) can be
reasoned (Glazunova et al. 2018).

2.1.4 pH and Activity

In the interaction between an enzyme and its substrate, pH of the medium works as a
pivotal determinant. From the substrate side, depending on its Ka, pH controls the
equilibrium between the molecular and the ionic forms. In laccase reaction with a
phenolic substrate, ionization of the substrate increases as the pH rises. Surely, the

2It is known that small ions such as Cl� and OH� inhibit O2 binding at T2/T3 site.
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resulting phenoxide has different solubility and higher tendency toward reducing T1
copper. Kallio et al. (2011) showed that E0 of 2,6-dimethoxy phenol, syringic acid,
and methyl syringate decreased from 0.53, 0.57, and 0.69 to 0.40, 0.51, and 0.65 V,
respectively, by rising the pH from 4.5 to 6.

From an enzymatic point of view, although changes in pH modify the hydrogen
bonds lattice of an enzyme as well as its surface charge and the hydrophilicity of its
microenvironments, it has been shown that E0 of laccase is not affected (Xu 1997).
Nonetheless, the pH changes can be injurious or beneficial to the activity of a
laccase. The Km value of T. hirsuta laccase, a basidiomycete laccase with
E0 ¼ 0.78 V, for syringic acid decreased from 35 to 17 μM by increasing pH from
4.5 to 6. But the Vmax of the reaction was also dropped from 8.3 to
2 (dA min�1 nmol�1). In contrast, this increase in pH increased both the Km value
of recombinant M. albomyces laccase, an ascomycete laccase with E0 ¼ 0.48 V, for
syringic acid from 122 to 132 μM and the Vmax from 3.5 to 12.1 (dA min�1 nmol�1)
(Kallio et al. 2011).

The optimal pH for most of fungal laccases is below 6 (Agrawal et al. 2018). At
pH > 7, hydroxide inhibits laccase as it competes with O2 for binding to T2/T3
center. Nonetheless, there are some reports about laccases with optimal pH of
activity above 7 (Agrawal et al. 2018). The correlation between some residues in
T1 cavity and the optimal pH of laccase activity has been demonstrated via site-
directed mutations, but the results seem to be premature to be conclusive (Rodgers
et al. 2010).

Considering the facts that the electron transfer step is the bottleneck of a laccase
reaction and deprotonation of a phenolic substrate enhances the chance of the
electron transfer, it has been a matter of question where and how deprotonation
happens. Some researchers speculated that the deprotonation of phenolic substrates
happens by the help of an aspartate or glutamate residue close to T1 site (Kallio et al.
2009). However, this assumption has faced with some challenges. Recently,
Ferraroni et al. (2017) have reported the crystal structure of Aspergillus niger laccase
McoG (E0 ¼ 0.453 V) in which a histidine (His253) was instead of the common
aspartate or glutamate. Through comparative kinetics study of McoG and its variants
(H253D, H253A, and H253N), they showed the substitution of His253 with alanine,
aspartate, or asparagine residue neither changed the E0 of the enzyme nor improved
the catalytic activity. Unexpectedly, all the variants had lower affinity for the
examined phenolic substrates at lower reaction rates as compared with that of
McoG. Likewise, all the variants showed lower affinity for the non-phenolic sub-
strates, ABTS and N,N-dimethyl-p-phenylenediamine (Ferraroni et al. 2017).
Despite all these valuable findings about laccases, substrate selectivity of a laccase
is still a matter of question as it can be different from one species to another one. No
doubt that modeling and simulation studies can be of great help (Pardo et al. 2016),
but the existing results from both practical and computational experiments indicate
that more works have to be done to enable us to explain molecular basis of the action
of a laccase.
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2.2 Tyrosinase

The following Sect. 2.2 aims to summarize tyrosinase selectivity and substrate
specificity and to explain important factors influencing activity and reaction rates
of tyrosinases.

2.2.1 Reactions of Tyrosinase

Nature has engineered tyrosinases for production of ortho-quinone(s) (oQn) from
certain monophenols and ortho-diphenols (odP) in the presence of molecular oxygen
(Haghbeen and Tan 2003). Due to the high reactivity, oQn readily takes part in
further chemical reactions with its surrounding molecules as soon as it is released
from the active site of a tyrosinase. The reactions of an oQn usually proceed to
produce macromolecules known as melanins. Consequently, the resulting macro-
molecules owe their compositions to the existing molecules in the reaction mixture
(Plonka and Grabacka 2006).

Tyrosinase is a bi-functional enzyme as it can start its activity with either a
monophenol or an odP substrate. In the case of a monophenol, tyrosinase first
hydroxylizes it at ortho position to form an odP compound. This is a
monooxygenase activity known as cresolase (Fig. 3). Interestingly, the resulting
odP is not released from the active site, but it is further oxidized to an oQn. Then, the
oQn is released. When an odP is the substrate, tyrosinase oxidizes it directly to an
oQn. This is an oxidase activity, known as catecholase, because both oxygens of O2

are reduced to water molecules. Therefore, the stoichiometries of cresolase and
catecholase reactions are different (Matoba et al. 2018).

A sub-family of tyrosinases, usually found in plants, is called catechol oxidase.
They are structurally very similar to tyrosinases but unable to do ortho-hydroxyl-
ation. As a result, they show only catecholase activity (Solem et al. 2016). Compar-
ing the reactions of tyrosinase with laccase reaction leads to an interesting point. The
products of both enzymes have something in common from a reactivity point of
view. Laccase products are unstable radicals that easily take part in further radical
reactions, and tyrosinase products are very reactive molecules that easily participate
in further nucleophilic addition reactions (Gandía-Herrero and García-Carmona
2013).

2.2.2 Mechanism of Tyrosinase Reaction

Similar to laccase, tyrosinase is activated by molecular oxygen. A binuclear copper
center (type 3) is responsible for hosting O2 in the active site of tyrosinase. Based on
the oxidation state of the coppers and combination with oxygen, tyrosinase is named
met-, deoxy-, and oxy-tyrosinase. In met-tyrosinase, both copper ions are Cu2+,
while they are both Cu+ in deoxy-tyrosinase. Met-tyrosinase does not show any
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affinity for O2 nor does it react with a monophenol (García-Molina et al. 2005). But,
an odP is able to reduce Cu2+ to Cu+ because of its lower redox potentials as
compared to E0 of monophenols (Haghbeen and Tan 1998). Once met-tyrosinase
is reduced to deoxy-tyrosinase, it reacts with O2 and forms oxy-tyrosinase which is a
peroxo-dicopper (Cu2O2) intermediate (Yoon et al. 2009). Oxy-tyrosinase can not
only hydroxylize a monophenol but it also oxidizes an odP to an oQn (Fig. 4).

A key difference between tyrosinase and laccase is the fact that T1 in laccase
involves in an outer-sphere electron transfer but tyrosinase follows an inner-sphere
mechanism in its both cresolase and catecholase reactions. This means that the
electron transfer during the reactions of tyrosinase happens through the bonds
between oxy-tyrosinase and the substrate. Therefore, the reducing substrate must
be in a ligating distance, about 2 Å, with T3 coppers. This is in contrast with an
outer-sphere electron transfer that could happen from a distance longer than 15 Å
(Gray and Ellis 1994). Consequently, for tyrosinase reaction, the reducing substrate
has to fit in the pocket of tyrosinase active site so that it can form a coordination bond
to one of the T3 coppers (Hassani et al. 2018). This constraint, in turn, narrows the
spectrum of tyrosinase substrates.

2.2.3 Electronic Effects of a Substrate

Compared to laccase, another distinctive feature of tyrosinase mechanism correlates
to its monooxygenase activity in which the C–H bond at ortho position of the
phenolic substrate is cleaved through an electrophilic attack of peroxo-dicopper
intermediate (Fig. 3) (Borojerdi et al. 2004). Given this fact, it is anticipated that
an EDS increases the rate of cresolase reaction. This is seen in both the instant rates
(dC/min ¼ 1.64 and 0.6 μM min�1) and Vmax(s) (6.7 and 1.9 μM min�1) of S2a and
S2c (Fig. 2) cresolase reactions with Agaricus bisporus tyrosinase (AbT) (Haghbeen
and Tan 2003). In a similar way, an EDS facilitates catecholase reaction of

Fig. 4 Oxidation state of T3 copper center during the catalytic cycles of a tyrosinase
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tyrosinase. The instant rates of catecholase reactions of S3b and S3e were 1.15 and
0.34 μM min�1, respectively. However, their Vmax(s) were almost the same because
binding of the substrate to the enzyme is the bottleneck of a catecholase reaction and
not the electron transfer step (Haghbeen and Tan 2003).

The binding step is important in both reactions of tyrosinase, and deprotonation
of the substrate can be a key event for its binding to T3 copper center (Matoba et al.
2018). Hence, the electronic effect of a substituent can be determinant at this stage
because it influences the Ka value of the substrate. An EDS increases the chance of
electron transfer from a reducing substrate to oxy-tyrosinase, but, at the same time, it
decreases Ka of the substrate. As a result, the substrates with lower Ka(s) have less
inclination for deprotonation. This two-sided effect of a substituent is clearly seen in
tyrosinase reactions and reveals the importance of the binding step in each reaction
of this enzyme.

The EDS (–OCH3) increased the instant rate of cresolase reaction of AbT with
S2a because it increased the charge density of the whole substrate. But it decreased
its affinity for AbT (Km of 80.2 and 51 μM for S2a and S2c, respectively) because
the EDS lowered the Ka of S2a as compared with that of S2c (Shamsipur et al. 2008).
In case of catecholase activity, a similar phenomenon was not observed in the
reactions of S3b and S3e though. The EDS (–CH3) not only increased the rate of
the reaction; it also increased the affinity of the substrate for the enzyme (Km of
35 and 231 μM for S3b and S3e, respectively) (Haghbeen and Tan 2003). These
results indicate that deprotonation is more important for cresolase substrates than the
catecholase substrates. This conclusion was supported with further evidence (Solem
et al. 2016).

2.2.4 Substrates of Different Families

Sulfur-containing compounds are not considered as good substrates for polyphenol
oxidases because they are able either to form stable bonds with copper ions or reduce
cupric ion to cuprous and disconnect the catalytic cycle of a cuproenzyme (Wood
and Schallreuter 1991). Saboury et al. (2006) showed that benzenethiol was not
oxidized by AbT. However, it could inhibit competitively both activities of tyrosi-
nase. Xu (1996) studied reactions of P. pinsitus and T. villosa laccases with
1,2-benzenedithiol and ortho-methoxy benzenethiol. He proposed that the high
affinity of these compounds was responsible for their anomalous kinetic parameters
as compared with those of the phenolic counterparts.

To differentiate between a laccase and a tyrosinase, Flurkey et al. (1995)
suggested tolidine as a test substrate because laccase could oxidize the examined
arylamines, while tyrosinase had failed to do so. In contrast, there were also some
reports about slow oxidation of aromatic amines by tyrosinase (Rescigno et al.
2002). To shed light on this subject, Mirazizi et al. (2018) examined oxidation of
some diazo dyes of phenol, catechol, guaiacol, monoamine (aniline), and meta-
diamine by AbT, N. crassa laccase (NcL), and horseradish peroxidase (hPOX).
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AbT had no effect on diazo derivatives of guaiacol, aniline, and meta-diamines.
But it could oxidize phenolic and catecholic dyes. However, AbT reactions with
those carrying strong EWS such as S2f and S3f (Fig. 2) were very slow. Despite its
high redox potential, NcL (E0 ¼ 780 mV; Piontek et al. 2002) also failed to oxidize
aniline and meta-diamine derivatives (S4 and S5, Fig. 2), but it oxidized guaiacolic
and catecholic dyes excluding those with EWS such as S3f and S1f (Mirazizi et al.
2018). The inability of AbT in oxidation of arylamines could be ascribed to the low
Ka of these compounds, which works as a barrier in the deprotonation step. But NcL
failure to oxidize diazo arylamines and phenols could be related to the high redox
potential of these compounds. The oxidation potentials of these compounds follow
the order of aniline (1.059 V) > phenol (0.6 V) > guaiacol (0.52 V) > catechol
(0.42 V) (Haghbeen and Tan 1998; Bhuvaneshwari and Elango 2006).

The interesting results belonged to hPOX as it could oxidize almost all of these
compounds with exception of S1d and S1f, which were carrying strong EWS
(Mirazizi et al. 2018). The other notable result of this work related to the comparative
rates of the reactions. Since these dyes had comparable extinction coefficients, the
values of dA/min could be used as a reliable index for the instant rate of substrate
consumption during the corresponding enzymatic reaction. For all the examined
substances, the rate of oxidation by hPOX was markedly higher than those of AbT
and NcL. As an example, all the three enzymes could oxidize S3b (Fig. 2), but hPOX
reaction was 3.4- and 60-fold faster than the rates of AbT and NcL, respectively
(Mirazizi et al. 2018).

2.2.5 Stereospecificity and Steric Hindrance

There is no report for any kind of tyrosinase with absolute stereospecificity. How-
ever, most of tyrosinases show preference of L-enantiomers. Harrison et al. (1967)
showed higher activity of AbT in the presence of L(�)-DOPA over D(+)-DOPA, L

(+)-adrenaline over D(�)-adrenaline, and L(+)-noradrenaline over D(�)-noradrena-
line. These results were in harmony with previous results of mammalian tyrosinases
including human tyrosinase (Yasunobu et al. 1959). From a comparative study on
tyrosinases of apple, potato, the white rot fungus Pycnoporus sanguineus, the
filamentous fungus Trichoderma reesei, and AbT, Selinheimo et al. (2007) also
showed the enzymes preference for L-stereo isomers. However, for some tyrosinases,
it was very low. For instance, potato tyrosinase showed no preference for L-tyrosine
over D-tyrosine (Selinheimo et al. 2007).

Studies on tyrosinase selectivity for ortho-, meta-, and para-substituted phenols
have disclosed high selectivity of this enzyme for para-substituted substrates.
Examination of oxidation of substituted phenols by the complexes which could
mimic ortho-hydroxylation of tyrosinase revealed that ortho-substituted phenols
were practically resistant, while the meta-substituted counterparts were oxidized
but at slower pace as compared with their para-substituted ones (Chioccara et al.
1995). Similar results obtained from studying reactions of Streptomyces antibioticus
tyrosinase with fluorophenols. The kinetic parameters for para- and
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meta-fluorophenols were Km ¼ 2.9 and 6.9 mM and kcat ¼ 10.5 and 3 S�1,
respectively. But, there was no reaction between ortho-fluorophenol and the applied
tyrosinase (Battaini et al. 2002). Inactivity of tyrosinase in the presence of guaiacolic
compounds is ascribed to the steric hindrance of methoxy group at the ortho position
(Selinheimo et al. 2007), while this type of compounds are easily oxidized by
laccases (Xu 1996).

2.2.6 Pocket of Active Site

Another contrasting difference between laccases and tyrosinases originates from the
apparent roles of the pockets of their active sites. In tyrosinases from various
sources, the evident variations among the constructing residues of the pockets affect
mainly the performance of the enzymes. This usually yields different kinetics
parameters for two isozymes of tyrosinase in the presence of the same substrate
(Kanteev et al. 2015). In contrast, the changes in the constructing residues of T1
cavity may result in the advent of unprecedented physicochemical features (Agrawal
et al. 2018). From a substrate point of view, this means that the alterations in T1
cavity not only may modify the performance; it may also change the spectrum of
laccase substrates. This characteristic feature of laccases has fueled recent researches
for discovery of new ones (Baldrian 2006; Yang et al. 2017).

As illustrated in Fig. 3, cresolase reaction advances through a process of bond
breaking and bond formation, which is initiated by the electrophilic attack of copper
superoxide to the aromatic ring of the phenolic substrate, whereas catecholase
reaction is completed by an inner-sphere electron transfer. This is why catecholase
kcat of a tyrosinase is usually much higher than its cresolase3 kcat (Perez-Gilabert and
García Carmona 2000). As mentioned, catechol oxidases are extreme examples as
they show only catecholase, while their active sites are quite similar to tyrosinases. A
great deal of research has been conducted to explain different ratios of catecholase to
cresolase among various tyrosinases and inability of catechol oxidases for running
cresolase. Based on the similarities between hemocyanins,4 tyrosinases, and catechol
oxidases, some researchers suggested that the phenylalanine, above CuA in the active
site of catechol oxidase, works as a blocker and hampers coordination of a phenolic
substrate to CuA. This assumption lost its credibility by advances in the structural
studies on various tyrosinases. Juglans regia tyrosinase, which has the same phe-
nylalanine above CuA, shows monooxygenase activity (Pretzler and Rompel 2018).

The optimal pH for most of tyrosinases is close or below 7. As a result,
deprotonation of a phenolic substrate is a crucial step in its binding to the copper
center of tyrosinase. Historically, scientists thought that the bridging hydroxide
between two copper ions of a type 3 cuproenzyme was able to mediate in

3The ratio of catecholase/cresolase differs among different tyrosinase isoenzymes.
4Hemocyanins are oxygen carriers in invertebrates. They are also cuproproteins of type 3, but their
active sites are not accessible to molecules larger than O2 (Solomon et al. 2014).
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deprotonation of the phenolic substrate. However, in more recent works, Kanteev
et al. (2015) showed the key role of a water molecule, which is conserved in the
structure of Bacillus megaterium tyrosinase by two conserved amino acids of Glu
and Asp, in deprotonation of the phenolic substrate. Based on this evidence, the
inability of catechol oxidase for doing cresolase was correlated to the lack of that
Asp in its structure (Solem et al. 2016). This theory also seemed incompatible with
the fact that a threonine sits instead of that asparagine in aurone synthase which
shows both cresolase and catecholase reactions (Pretzler and Rompel 2018).

2.3 Co-occurrence and Concomitant Use of Laccase
with Tyrosinase

Tyrosinase is a ubiquitous enzyme, and laccase exists in plants, fungi, and, in a
limited range, some other microorganisms. Association and distinctive separation of
these enzymes have been the subject of numerous researches. Results of such studies
have shed light on physiological functions as well as their biotechnological poten-
tials (Ba and Vinoth Kumar 2017). However, it seems that despite considerable
progress, this field of research is young and new discoveries encourage more deep
research in this field (Martinez et al. 2017).

Tyrosinases, often as intracellular enzymes, are responsible for melanin biosyn-
thesis. Nonetheless, by the help of reducing compounds such as ascorbic acid or
proper nucleophiles, nature has used tyrosinases in biosynthesis of natural com-
pounds such as betalains, aurones, and robust macromolecules (Gandía-Herrero
et al. 2005). There is also emerging evidence that tyrosinase may play role in
biosynthesis of neurotransmitters (Eisenhofer et al. 2003). On the other hand,
laccases, as extracellular enzymes, are responsible for biodegradation of lignins
and other molecules, which have impact on the quality of soil, water, and dialogues
at biotic-biotic and biotic-abiotic interfaces (Ba and Vinoth Kumar 2017). By the
help of other enzymes, intracellular laccases mediate in biosynthesis of lignins and
lignin precursors (Yang et al. 2017).

Due to biotechnological potentials, both tyrosinase and laccase have been at the
center of attention for similar applications (Ba and Vinoth Kumar 2017). Yet, there
are few reports about simultaneous use of these enzymes especially for valorization
or any kind of treatment of wastes. Hence, the lack of practical information hinders
bright judgment about the impact of the progress of a tyrosinase reaction on a laccase
reaction and vice versa. Mechanistically, these enzymes are different, but it does not
mean that they are destructive of each other. It is assumed that at the beginning of a
simultaneous use of laccase and tyrosinase, an oQn resists against a radical due to the
electron deficiency, but by the progress of the reaction, the resistance would lessen,
and the oQn(s) may work in benefit of the research purposes.

Increasing the range of the targets, growing the length of the chain reactions, and
boosting the efficacy of the radical products could be among the primary aims of the
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simultaneous use of laccase with a tyrosinase. Freire et al. (2002) have already
demonstrated cooperative effect of concomitant immobilization of laccase and
tyrosinase in a biosensor for detecting phenols with various structures. Accordingly,
it is anticipated that simultaneous use of tyrosinase and a laccase with optimal pH of
activity about 6 would increase the efficacy of bioremediation of polluted waters.

In addition to the general goals of enzyme biotechnology including broadening
pH tolerance, hosting various substrates, and increasing functional and thermal
stability of enzymes, planning for cooperating enzymes via selecting or designing
mission-oriented substrates seems to be promising for both engineering new mate-
rials and boosting efficiencies of enzymes in the desired applications, a target which
has already been approached in cross-linking proteins and enzymes by tyrosinase
and laccase (Isaschar-Ovdat and Fishman 2018).

3 Enzymes and Reactions Fueled by Laccases

Section 3 addresses the supply of other enzymes or subsequent reactions with
substrates or reactants generated during laccase reactions. In the following, impor-
tant groups of enzymes and the corresponding modes of action potentially involved
in the aforementioned type of cooperation with laccases are introduced.

3.1 Fungal Class II Heme Peroxidases (CAZy Family AA2)
and Heme-Thiolate Peroxidases/Peroxygenases

Many fungi concomitantly produce laccases and H2O2-depending oxidoreductases
(i.e., peroxidases and peroxygenases) of various types. In white rot basidiomycetes,
laccases are frequently secreted along with lignin-modifying peroxidases. The heme-
containing extracellular enzymes lignin peroxidase (LiP; EC 1.11.1.14), manganese
peroxidase (MnP; EC 1.11.1.13), and versatile peroxidase (VP; EC 1.11.1.16)
belong to class II peroxidases of the peroxidase-catalase superfamily. Owing to
their comparatively high redox potentials (ca. 1.4–1.5 V for LiP, 1.0–1.2 V for
MnP, and 1.4–1.5 V for VP) and extraordinarily broad ranges of organic substrates,
these peroxidases contribute to fungal degradation of both lignin constituents of
lignocellulose and many organic environmental pollutants (Harms et al. 2011;
Hofrichter et al. 2010; Kues 2015; Martinez et al. 2017). They are listed in the
auxiliary activity family 2 (AA2) of the Carbohydrate Active Enzymes CAZy
database (http://www.cazy.org/AA2.html/; Levasseur et al. 2013; Lombard et al.
2014), together with other peroxidases briefly described in the following.

Dye-decolorizing peroxidases (DyPs; EC 1.11.1.19; CAZy AA2 family) are
members of the peroxidase-chlorite dismutase (or CDE; i.e., including chlorite
dismutase, DyP, and EfeB protein from Escherichia coli) superfamily of heme
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peroxidases. They are known from basidiomycetes and were also detected in
mycetozoa, bacteria, and archaea. Fungal DyPs (redox potential ca. 1.2–1.5 V) are
extracellular enzymes, which are phylogenetically distant from the fungal high and
low redox potential class II peroxidases mentioned before. However, their biological
functions still remain to be firmly established. DyPs oxidize some recalcitrant
organic compounds only poorly attacked by other peroxidases, such as certain
synthetic dyes and mono-nitrophenols. They have also been reported to oxidize
Mn2+ to Mn3+ as MnP and VP do (http://peroxibase.toulouse.inra.fr/; Fawal et al.
2013; Harms et al. 2011; Hofrichter et al. 2010; Kues 2015; Martinez et al. 2017).

Unspecific peroxygenases (UPOs; EC 1.11.2.1; not listed in the CAZy AA2
family) are heme-containing extracellular enzymes first discovered in and charac-
terized from basidiomycetes. They are seemingly widespread in the entire fungal
kingdom (Eumycota) and seen in certain oomycetes too. UPOs belong to the heme-
thiolate peroxidase (HTP) superfamily. They are able to transfer an oxygen atom
from H2O2 to a very broad range of different organic substrates, e.g., aromatics,
heterocycles, and linear and cyclic hydrocarbons. Oxyfunctionalization reactions
catalyzed by UPOs include selective hydroxylation, epoxidation, and heteroatom (S,
N) oxygenation. The related product patterns frequently resemble those of intracel-
lular cytochrome P450 monooxygenase systems (Bormann et al. 2015; Hofrichter
et al. 2015; Martinez et al. 2017).

Peroxidases and peroxygenases have widely been considered as biocatalysts for
degradation and detoxification purposes in various bioremediation and waste treat-
ment applications. As versatile biocatalysts, they may also be applied in diverse
industrial organic syntheses as well as for the upgrading and valorization of plant
biomass (wastes) within lignocellulose biorefineries (Bormann et al. 2015; Karich
et al. 2017; Martinez et al. 2017). Although secreted oxidoreductases possess the
common advantage of being generally more stable than intracellular membrane-
bound or cytosolic enzymes, the practical applicability of corresponding peroxidase
and peroxygenase representatives is hampered by their need for H2O2 (Bormann
et al. 2015; Kues 2015; Martinez et al. 2017). Class II peroxidases like LiP and MnP
are dependent on H2O2 or organic peroxides and may become partly inactivated by
excess H2O2 in a reversible manner (Hofrichter et al. 2010). Similarly, UPOs are
readily inactivated at elevated concentrations of H2O2, which must be taken into
account for correct peroxide dosage to ensure proper enzyme functioning (Bormann
et al. 2015; Karich et al. 2016). Various ways of external H2O2 addition or the
alternative use of organic hydroperoxides are of only limited practical applicability
for performing peroxidase or peroxygenase reactions beyond laboratory scale.
Instead, the simultaneous in situ generation of H2O2 from molecular oxygen by
addition of suitable enzymes, e.g., glucose oxidase, has been considered as a way out
(Bormann et al. 2015; Kues 2015). However, technical problems like the formation
of pH-changing gluconic acid, a high viscosity of concentrated glucose solutions,
considerable by-product formation, and ethical concerns related to the use of edible
glucose challenge the in situ H2O2 generation by glucose oxidase at large scale
(Bormann et al. 2015).
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Laccases have also been reported as a cause of H2O2 production. The laccase-
catalyzed oxidation of diphenols can initiate the subsequent reductive activation of
O2, yielding reactive oxygen species (ROS) such as superoxide anion radical and
H2O2 that may participate in various abiotic and enzymatic follow-up reactions.
ROS formation via the redox cycling of hydroquinones as driven by the interplay of
laccase and other enzymes is described in Sect. 3.2.

Another type of laccase-initiated ROS formation is based on the oxidative
cleavage of certain organic dicarbonic acids such as oxalate, malonate, and
glyoxylate by Mn3+ (Hofrichter et al. 1998; Schlosser and Hofer 2002; Urzua
et al. 1998b). For oxalate, the following reactions have been described (Urzua
et al. 1998a, b):

Mn3þ þ COOH� COOH ! Mn2þ þ CO2
�� þ CO2 þ 2Hþ ð1Þ

CO2
�� þ O2 ! O2

�� þ CO2 ð2Þ
O2

�� þMn2þ þ 2Hþ ! Mn3þ þ H2O2 ð3Þ
O2

�� þ Hþ ! ½H2O2 þ½O2 ð4Þ

Abiotic decomposition of malonate can proceed via the following reactions
(Hofrichter et al. 1998):

Mn3þ þ COOH� CH2 � COOH ! Mn2þ þ COOH� CH2
� þ CO2 þ Hþ ð5Þ

COOH� CH2
� þ O2 ! COOH� CH2OO

� ð6Þ
COOH� CH2OO

� þ O2 ! O2
�� þ COOH� COOHþ Hþ ð7Þ

COOH� CH2OO
� þMn2þ þ Hþ ! Mn3þ þ COOH� CH2OOH ð8Þ

Superoxide and oxalate derived from Eq. (7) subsequently can contribute to
Eqs. (1)–(4).

Certain laccases can oxidize Mn2+ to soluble Mn3+ complexes in the presence of
suitable organic (e.g., oxalate, malonate, tartrate) and inorganic Mn chelators (e.g.,
pyrophosphate), albeit at very low rates undercutting those commonly observed with
fungal MnPs by several orders of magnitude (Gorbacheva et al. 2009; Hofer and
Schlosser 1999; Schlosser and Hofer 2002). As typical for laccase reactions, the
electron transfer fromMn2+ to type 1 copper (T1) of laccase is thought to be the rate-
limiting step of substrate oxidation, which is generally thermodynamically driven by
the redox potential difference between type 1 copper and the substrate (Gorbacheva
et al. 2009; Schlosser and Hofer 2002; Xu et al. 2000). In line with this mechanism,
Mn2+ oxidation could only be demonstrated for basidiomycete laccases (which
frequently represent high redox potential enzymes; Gorbacheva et al. 2009; Hofer
and Schlosser 1999; Rodgers et al. 2010; Schlosser and Hofer 2002), whereas low
redox potential laccases such as plant Rhus vernicifera laccase were found to be
inactive on Mn2+ (Frasconi et al. 2010; Gorbacheva et al. 2009). Despite being
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extremely slow, the formation of Mn3+ complexes by basidiomycete laccases is
sufficient to produce enough ROS such as superoxide anion radical and H2O2 to
cause a significant impact on MnP reactions at physiologically relevant conditions of
white rot basidiomycetes (Schlosser and Hofer 2002). In the presence of Mn2+ and
appropriate organic chelators (e.g., oxalate and malonate), laccase produces Mn3+

complexes. The latter initialize a set of follow-up reactions finally resulting in H2O2

formation, which initiates or supports MnP reactions (Fig. 5). This type of laccase-
MnP cooperation could be relevant for biodegradation of both lignin and xenobiotics
(Schlosser and Hofer 2002) and potentially may be exploited for the in situ H2O2

generation in technical processes.

3.2 Enzymes of the CAZy AA3 and AA6 Families

The auxiliary activity family 3 (AA3) of the CAZy database (http://www.cazy.org/
AA3.html/) harbors various members of the glucose-methanol-choline (GMC) fam-
ily of oxidoreductases, which are flavoproteins containing a flavin-adenine dinucle-
otide (FAD)-binding domain (Bissaro et al. 2018; CAZypedia 2019; Kracher et al.
2016; Sutzl et al. 2018). Briefly, AA3 enzymes oxidize various carbohydrates or
alcohols, which is accompanied by the reduction of FAD to FADH2 (reductive half-
reaction). Re-oxidation of FADH2 (oxidative half-reaction) proceeds along with
reduction of either O2 to H2O2, (complexed) metal ions (e.g., Fe3+) to reduced
metal ions, or various quinones and phenoxy radicals to their corresponding hydro-
quinone counterparts (for a recent review, see Sutzl et al. 2018). CAZy family AA3
enzymes are widespread in yeasts and filamentous asco- and basidiomycetes. Due to

laccase

Mn2+ + oxalate Mn3+-oxalate

Mn2+ + oxalate MnP

O2
-• + 2 H+

CO2 + 2 H+

H2O2

Mn2+ + CO2

O2 CO2 2 Mn2+ + 2 H+ + oxalate

2 Mn3+-oxalate + 2 H2O

-•

Fig. 5 H2O2 production resulting from the laccase-catalyzed Mn2+ oxidation in the presence of
oxalate and its influence on MnP. Due to the possible involvement of complexes with various
unknown ligand ratios, the stoichiometry has not been balanced for oxalate. Similar, albeit weaker
cooperative effects between laccase and MnP with respect to Mn3+ formation were also observed in
presence of malonate instead of oxalate. Reprinted with permission of the publisher from Schlosser
and Hofer (2002), Laccase-catalysed oxidation of Mn2+ in the presence of natural Mn3+ chelators as
a novel source of extracellular H2O2 production and its impact on manganese peroxidase. Appl
Environ Microbiol 68(7):3514–3521, doi: https://doi.org/10.1128/AEM.68.7.3514-3521.2002.
Copyright © 2002, American Society for Microbiology
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the aforementioned catalytic properties, members of different AA3 sub-families
have been shown to fuel crystalline cellulose-attacking lytic polysaccharide
monooxygenases (LPMOs; see also Sect. 3.4) with electrons either directly or via
the reductive regeneration of fungal and plant-derived phenols (mostly
benzenediols) in a quinone redox cycling mechanism (Kracher et al. 2016; Martinez
2016; Martinez et al. 2017). They are further considered as suppliers of H2O2 for
lignin-modifying peroxidases (in white rot basidiomycetes) and extracellular
Fenton-type reactions (in brown rot fungi) (Bissaro et al. 2018; CAZypedia 2019;
Sutzl et al. 2018) (Fig. 6).

The possible interplay of certain CAZy AA3 family members with laccases could
relate to quinone redox cycling aiming at production of highly reactive hydroxyl
radicals (�OH) via extracellular Fenton-type reactions in both brown and white rot
basidiomycetes (Bissaro et al. 2018; Harms et al. 2011; Sutzl et al. 2018) (Fig. 6).
CAZy AA3 enzymes such as glucose dehydrogenase (GDH; EC 1.1.5.9), pyranose
dehydrogenase (PDH; EC 1.1.99.29; not typical for brown rot fungi), pyranose
oxidase (POx; EC 1.1.3.10; also not typical for brown rot fungi), and aryl-alcohol
quinone oxidoreductases (AAQO), the latter showing high sequence identity to aryl-
alcohol oxidase (AAO; EC 1.1.3.7) of white rot basidiomycetes, are known to
reduce various (often methoxylated or methylated) quinones and phenoxy radicals
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Fig. 6 (a) Possible interplay of laccases with AA3 and AA6 oxidoreductases during quinone redox
cycling. Fungal or plant (lignin)-derived diphenols such as differently o-methoxy-substituted
hydroquinones (H2Q) are oxidized by laccases and Fe3+ (or only Fe3+ when laccase is absent),
yielding semiquinone radicals (HQ�) which are then further oxidized to quinones (Q). The latter are
reduced back to hydroquinones by CAZy AA3 or AA6 oxidoreductases. The figure was compiled
based on information from the following references: An et al. (2015), Aranda et al. (2010), Gomez-
Toribio et al. (2009a, b), Guillen et al. (1997, 2000), Krueger et al. (2016, 2015), Marco-Urrea et al.
(2010), Sutzl et al. (2018), Vasiliadou et al. (2019), and Wei et al. (2010). Please also refer to Sect.
3.2 for further explanations. (b) Reactions accompanying quinone redox cycling, which lead to the
formation of reactive oxygen species (ROS) including hydroxyl radical (HO�) (based on Kramer
et al. 2004)
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efficiently (Bissaro et al. 2018; CAZypedia 2019; Kracher et al. 2016; Mathieu et al.
2016; Sutzl et al. 2018).

The CAZy family AA6 (http://www.cazy.org/AA6.html) contains
1,4-benzoquinone reductases (EC. 1.6.5.6), which contribute to the biodegradation
of aromatic compounds and the protection of fungal cells from reactive quinone
compounds (Levasseur et al. 2013). Quinone reductases are cell-bound enzymes
found in diverse fungal groups. They are particularly prominent in white rot and
brown rot basidiomycetes but not limited to wood- or litter-decaying basidiomycetes
(Floudas et al. 2012; Jensen et al. 2002; Krueger et al. 2016; Lee et al. 2007).
Alternatively to AA3 family enzymes, fungal AA6 benzoquinone reductases can
contribute to quinone redox cycling leading to hydroxyl radical production (Bissaro
et al. 2018; Harms et al. 2011; Sutzl et al. 2018) (Fig. 6).

Brown rot basidiomycetes are phylogenetically closely related to white rot fungi
(Floudas et al. 2012), but have largely lost lignin-modifying enzymes (especially
peroxidases). Instead, they employ Fenton chemistry to attack lignocellulose
(Krueger et al. 2016; Martinez et al. 2009; Yelle et al. 2008). In brown rot fungi
which do not express laccases or other phenol-oxidizing enzymes, secreted fungal
diphenols such as 2,5-dimethoxyhydroquinone and 4,5-dimethoxycatechol can
reduce Fe3+ to Fe2+ while becoming oxidized (Kerem et al. 1999; Krueger et al.
2016, 2015; Suzuki et al. 2006). Semiquinone radicals hereby produced from
hydroquinones/diphenols upon one-electron oxidation steps reduce molecular oxy-
gen, thus becoming further oxidized to quinones, while superoxide anion radicals are
formed. These, in turn, can dismutate to H2O2, which reacts with Fe2+ in a Fenton-
type reaction to yield hydroxyl radicals. Enzymes of the CAZy AA6 or AA3 family
reduce benzoquinones back to diphenols/hydroquinones to complete the redox
cycle. Alternatively to diphenols, other phenol derivatives such as phenolates and
peptides produced by both brown and white rot basidiomycetes were also demon-
strated to act as low molecular weight Fe3+ reductants (Arantes et al. 2011; Bissaro
et al. 2018).

A few reports describe the expression of laccase and the occurrence of
corresponding genes in certain brown rot fungi (An et al. 2015; Bissaro et al.
2018; Wei et al. 2009). Laccases may alternatively oxidize diphenols under condi-
tions where abiotic oxidation of the latter is impeded by high concentrations of the
strong Fe3+ chelator oxalate, which is produced by many brown rot basidiomycetes
and secreted concomitantly with fungal diphenols (An et al. 2015; Wei et al. 2010).
Laccases rapidly oxidize diphenols/hydroquinones to the corresponding
semiquinones and thus can replace or boost abiotic diphenol oxidation, hereby
becoming a part of the quinone redox cycling machinery described before.

Laccases were also demonstrated to be involved in quinone redox cycling in
white rot fungi, where they are especially prominent (Aranda et al. 2010; Gomez-
Toribio et al. 2009a, b; Guillen et al. 1997, 2000; Vasiliadou et al. 2019). Hydro-
quinone production by white rot fungi is less evident than that by brown rot
basidiomycetes. Therefore, exogenously added quinones were often employed to
demonstrate redox cycling effects in the corresponding studies (Aranda et al. 2010;
Gomez-Toribio et al. 2009b; Krueger et al. 2016; Marco-Urrea et al. 2010).
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Nevertheless, under natural conditions, lignin-derived diphenols (e.g., hydroqui-
nones) stemming from p-hydroxyphenyl, guaiacyl, and syringyl units of lignin
may act as redox cycling agents (Gomez-Toribio et al. 2009b; Sutzl et al. 2018).
In white rot fungi, the redox cycling-based formation of H2O2 and hydroxyl radicals
was found to be enhanced when Mn2+ was also present, due to high reactivity of the
latter with superoxide anion radical (see also Eq. 3) (Gomez-Toribio et al. 2009a).
Also in this fungal group, laccase may contribute to redox cycling in conjunction
with secreted lignin-modifying peroxidases or also be replaced by them, owing to
the easy oxidability of diphenols by all of such enzymes (Gomez-Toribio et al.
2009b; Marco-Urrea et al. 2010). Laccases may thus drive or support the oxidative
part of quinone redox cycling, thereby cooperating with quinone reductases in the
production of ROS such as H2O2 and highly reactive hydroxyl radicals as degrada-
tive agents. Beyond lignocellulose components, such extracellularly produced oxi-
dants have been demonstrated to attack many aromatic and aliphatic pollutants such
as benzene–toluene–ethylbenzene–xylene (BTEX) hydrocarbons, many pharmaceu-
ticals, synthetic dyes, and polymers (Aranda et al. 2010; Gomez-Toribio et al. 2009a;
Harms et al. 2011; Krueger et al. 2015, 2016; Marco-Urrea et al. 2010; Vasiliadou
et al. 2019). Being widespread in the fungal kingdom (Giardina et al. 2010; Rodgers
et al. 2010; Theerachat et al. 2019), laccases may potentially also contribute to
quinone redox cycling in fungal groups beyond terrestrial lignocellulose decaying
basidiomycetes (Krueger et al. 2016).

Cellobiose dehydrogenase (CDH; EC 1.11.99.18) of the CAZy sub-family
AA3_1 is widespread among fungi and more common in white rot than in brown
rot basidiomycetes. It oxidizes cellodextrins, mannodextrins, and lactoses while
reducing a wide range of different two- and one-electron acceptors including Fe3+,
molecular oxygen, various quinones, and organic radicals (Larrondo et al. 2005;
Sutzl et al. 2018; Zamocky et al. 2006). For a long time, CDH has widely been
considered as a direct Fe3+ reductant, thus contributing to fungal Fenton-type
reactions (Bissaro et al. 2018; Sutzl et al. 2018) (Fig. 5). A substantial increase in
decolorization of recalcitrant synthetic dyes by laccase in the presence of CDH was
attributed to the initial conversion of non-phenolic aromatic structures to phenolic
ones by hydroxyl radicals, thus rendering molecules more susceptible to laccase
attack (Ciullini et al. 2008; Enayatzamir et al. 2009). More recent reports indicate
that CDHs directly fuel LPMOs with electrons as a major natural function (Bissaro
et al. 2018; Kracher et al. 2016; Martinez et al. 2017).

3.3 β-Etherases

Lignin is a major renewable resource and could serve as feedstock for the future
production of aromatic fine chemicals and building blocks for diverse applications,
provided that a controlled and selective breakdown of the bonds linking the aromatic
moieties of lignin could be achieved (Husarcikova et al. 2018; Marinovic et al. 2018;
Pollegioni et al. 2015). Intracellular bacterial and fungal β-etherases selectively
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catalyze the reductive cleavage of β-O-4 aryl ether bonds, which form the most
abundant bond type and account for 45–60% of the total linkages present in lignin
(Husarcikova et al. 2018; Marinovic et al. 2018). β-Etherases belong to the gluta-
thione-S-transferase (GST; EC 2.5.1.18) superfamily of proteins and have been
functionally characterized from bacteria (Sphingobium and Novosphingobium spe-
cies) and white rot basidiomycetes (Dichomitus squalens) (Husarcikova et al. 2018;
Marinovic et al. 2018). Putative β-etherase encoding genes have widely been
detected in bacterial and fungal genomes (Marinovic et al. 2018; Voss et al. 2020).
Cleavage of β-O-4 aryl ether bonds of lignin by GSH-dependent β-etherases results
in production of chiral glutathione adducts, which are then converted to oxidized
glutathione (GSSG) and mono-aromatic building blocks of lignin by glutathione
lyases (Husarcikova et al. 2018; Pollegioni et al. 2015). The known intracellular β-
etherases from bacteria and fungi require a carbonyl function at the Cα position
adjacent to the β-carbon of β-O-4 bonds for activity, whereas hydroxyl groups at Cα
positions are present in natural lignin (Husarcikova et al. 2018; Marinovic et al.
2018). In Sphingobium, several NAD+-dependent alcohol dehydrogenases first
oxidize Cα hydroxyl groups to the corresponding keto functions, thereby enabling
the subsequent cleavage of β-O-4 aryl ether bond by β-etherases (Becker and
Wittmann 2019; Husarcikova et al. 2018; Marinovic et al. 2018).

Possible practical applications of intracellular β-etherases necessitate the regen-
eration of the essential cofactors GSH and NAD+ (Husarcikova and Schallmey 2019;
Husarcikova et al. 2018; Roth and Spiess 2015). Picart et al. (2017) used a laccase-
redox mediator system (LMS) instead of a Cα-acting alcohol dehydrogenase in order
to produce Cα carbonyl groups required for β-etherase activity, finally resulting in
the successful depolymerization of natural lignin upon subsequent treatment with β-
etherases and a glutathione lyase. This research demonstrated that complex cofactor-
dependent steps involved in natural β-O-4 aryl ether cleavage pathways can be
replaced by a less complicated and more user-friendly biocatalytic system. None-
theless, remaining problems related to different pH optima of the involved enzymes
and the partial repolymerization of lignin building blocks still need to be solved
(Husarcikova et al. 2018; Picart et al. 2017; Roth and Spiess 2015).

In contrast to the intracellular β-etherases described above, an extracellular β-
etherase from an ascomycete of the genus Chaetomium sp. has been reported to
cleave a phenolic β-O-4 lignin model dimer containing a hydroxyl group at the Cα
position neighboring the β-carbon of the β-O-4 bond in a GSH-independent manner
(Otsuka et al. 2003; Pollegioni et al. 2015).

3.4 Lytic Polysaccharide Monooxygenases

Fungal and bacterial LPMOs (CAZy families AA9, AA10, AA11, AA13, AA14,
and AA15) oxidatively cleave the existing polysaccharide chains in cellulose, starch,
and chitin. These enzymes depend on the supply of electrons for their catalytic action
(Bissaro et al. 2018; Harris et al. 2010; Martinez et al. 2017; Sutzl et al. 2018;
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Vaaje-Kolstad et al. 2010). Soluble lignin fragments arising from the redox
mediator-assisted laccase attack on lignin, which may still contain phenolic groups,
have been demonstrated to activate LPMOs via donation of electrons (Bissaro et al.
2018; Brenelli et al. 2018). However, the competition of laccases and LPMOs for
oxygen and their different oxygen consumption rates have to be considered with
regard to potential co-applications (Brenelli et al. 2018). Apart from laccases, other
polyphenol oxidases such as atypical tyrosinases differing from the common fungal
ones are also seemingly widespread in asco- and basidiomycetes along with LPMOs
(Frommhagen et al. 2017). Such enzymes were reported to boost cellulose degrada-
tion by LPMO via initial ortho-hydroxylation of lignin-derived methoxylated
monophenols to the corresponding 1,2-benzenediols, which can easily serve as
electron donors (Frommhagen et al. 2017).

4 Enzymes and Reactions Producing Potential Laccase
Substrates

Laccases may also utilize products formed by other enzymes as substrates. Important
groups of enzymes and reactions potentially leading to the production of laccase
substrates are presented in Sect. 4.

4.1 Enzymes and Reactions Catalyzing Aromatic
Hydroxylation

Methoxy-substituted phenols, o- and p-diphenols, aminophenols, benzenethiols,
polyphenols, and polyamines are typical substrates of laccases. However, these
enzymes are not able to oxidize non-phenolic lignin and other high redox potential
aromatic compounds directly (Arantes et al. 2011; Harms et al. 2011; Hofrichter
et al. 2010; Munk et al. 2015). Biochemical reactions introducing hydroxyl groups to
aromatic compounds, which are not (or only poorly) directly oxidized by laccases,
could thus potentially produce (more easily oxidable) laccase substrates. However,
direct evidence for such interactions is rather rare (Arantes et al. 2011; Harms et al.
2011). While the prominence of laccases in fungi is evident since a long time,
bacterial lignin-modifying enzymes such as laccases and DyPs were revealed only
in recent years (Bugg et al. 2011a; de Gonzalo et al. 2016; Granja-Travez et al.
2018).

Certain intracellular mono- and dioxygenases, which are involved in the fungal
and bacterial metabolism of both natural and xenobiotic compounds, are able to
hydroxylate aromatic rings. Such reactions facilitate further oxidation of the
resulting products by various phenol oxidases including laccases and thus can
qualify recalcitrant chemical structures for subsequent laccase attack. Certain fungal
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members of the cytochrome P450 monooxygenase superfamily are especially prom-
inent in wood and plant litter decay basidiomycetes and catalyze hydroxylations at
aromatic carbon atoms of plant constituents (lignin, plant defense chemicals) and
many xenobiotic chemicals. Such reactions promote the detoxification and initiate
the degradation of the aforementioned compounds (Harms et al. 2011; Hussain et al.
2020; Kues 2015; Morel et al. 2013; Syed et al. 2014). Fungal non-heme mixed-
function oxidases such as phenol 2-monooxygenases (EC 1.14.13.7) produce o-
diphenols (catechols) from phenols. Such enzymes have been implicated in fungal
catabolism of chlorophenols and lignin-related p-hydroxyphenyl units (Harms et al.
2011; Lubbers et al. 2019). Similarly, mainly bacterial di- but also monooxygenases
hydroxylate both natural (plant-derived) and xenobiotic compounds (Becker and
Wittmann 2019; Chang and Zylstra 2008; de Gonzalo et al. 2016; Fuentes et al.
2014; Lubbers et al. 2019; Peng et al. 2010; Wang et al. 2017). For instance, certain
bacterial dioxygenases produce 2,3-dihydroxybiphenyl structures from biphenyl and
less chlorinated biphenyls (Bugg et al. 2011a, b).

Selective hydroxylation of non-activated C–H bonds in aromatic structures
(oxyfunctionalization) by UPOs which can attack non-phenolic lignin structures as
well as many different environmental pollutants (see Sect. 3.1) (Bormann et al. 2015;
Hofrichter and Ullrich 2014; Karich et al. 2017; Kinne et al. 2011; Martinez et al.
2017) could also potentially make recalcitrant compounds (more) susceptible to
subsequent laccase oxidation and possibly open up new routes for enzyme cascade
applications, e.g., in the treatment of contaminated waste streams. UPOs would be
advantageous over intracellular aromatic ring-hydroxylating mono- and
dioxygenases with respect to enzyme stability and avoidance of reduced cofactors
such as NAD(P)H.

Aromatic hydroxylation may further arise from the oxidative attack to natural
(lignin) and xenobiotic aromatic structures by hydroxyl radicals, which are produced
during extracellular Fenton-type reactions operative in both brown and white rot
basidiomycetes and employed as degradative tools by these organisms (Bissaro et al.
2018; Bugg et al. 2011b; Harms et al. 2011; Sutzl et al. 2018). Hydroxyl radical-
generating processes and involved enzymes are presented in more detail in Sect. 3.2.

4.2 Enzymes Releasing Potential Laccase Substrates from
Parent Compounds

Potential laccase substrates could also be produced during biochemical cleavage of
more complex parent compounds. For instance, guaiacol (o-methoxy phenol), which
is a known laccase substrate, was demonstrated to be released during the cleavage of
both phenolic and non-phenolic β-O-4 aryl ether dimeric lignin model compounds
by bacterial and fungal β-etherases (see Sect. 3.3 for further details concerning these
enzymes) (Husarcikova et al. 2018; Marinovic et al. 2018; Otsuka et al. 2003). The
reductive enzymatic cleavage of β-O-4 aryl ether bonds in lignin by β-etherases
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hence yields phenolic products representing potential laccase substrates.
Lignostilbene dioxygenase is a non-heme iron-dependent enzyme involved in the
bacterial metabolism of diarylpropane lignin model compounds. It oxidatively
cleaves the dimeric intermediate lignostilbene to yield two molecules of vanillin
(Bugg et al. 2011b), another o-methoxy-substituted phenolic laccase substrate.
Fungal lignin-modifying peroxidases catalyze the oxidative cleavage of Cα-Cβ
bonds in β-O-4 aryl ether and diarylpropane units found in lignin. In dependence
on the respective parent compound structure(s), these enzymes can also release o-
methoxy-substituted phenolic and diphenolic monolignin products (Becker and
Wittmann 2019; Bugg et al. 2011b; Mäkelä et al. 2015; Pollegioni et al. 2015).
However, due to the radical-based oxidation mechanisms employed by lignin-
modifying peroxidases, such monolignin products usually occur in mixture and are
easily prone to phenoxy radical coupling and polymerization processes (Becker and
Wittmann 2019; Pollegioni et al. 2015), thus questioning a substantial practical role
as laccase substrates.

Various bacterial and fungal aryl-O-demethylases can remove methyl moieties
from methoxy-substituted aromatic compounds such as vanillate-, syringate-, or
guaiacol-related lignin building blocks, thereby generating o-methoxy-substituted
phenolic or catechol-like compounds potentially serving as laccase substrates
(Abdelaziz et al. 2016; Becker and Wittmann 2019; Lubbers et al. 2019; Mallinson
et al. 2018). The hydrolase tannase (EC 3.1.1.20) releases the laccase substrate gallic
acid from gallotannins (also referred to as hydrolyzable tannins) (Mäkelä et al.
2015). Finally, also enzymes of the CAZy AA3 and AA6 families produce laccase
substrates by reducing various quinones to their corresponding diphenol (e.g.,
hydroquinone) counterparts (for details please refer to Sect. 3.2).

5 Conclusions and Outlook

Functional cooperations between laccases and other enzymes could open up new
routes for the future development of simultaneously operating multi-enzyme cock-
tails or sequentially acting enzyme cascades, which potentially may be employed for
a wide range of sustainable bioeconomy applications (Martinez et al. 2017; Pezzella
et al. 2015; Pollegioni et al. 2015; Roth and Spiess 2015). In some cases, the basic
functioning of related enzyme cooperations has already convincingly been demon-
strated at lab scale. However, the successful implementation of such novel biocat-
alytic systems into practical applications mostly still necessitates to overcome issues
related to, e.g., operational stability under real process conditions, product yield and
purity, and economic as well as legal constraints (Ba et al. 2018; Ba and Vinoth
Kumar 2017; Husarcikova and Schallmey 2019; Picart et al. 2017; Roth and Spiess
2015; Schlosser and Hofer 2002). Other potential cooperations between laccases and
further enzymes remain hypothetical yet and still have to be proven and further
explored with regard to their usability for practical applications. Beyond the use of
wild-type enzymes, state-of-the-art techniques such as protein engineering,
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CRISPR/Cas9 genome editing, and adaptive evolution are expected to substantially
enrich the toolbox of enzymes available for future biotechnological applications with
novel and tailored biocatalysts (Kun et al. 2019; Song et al. 2019; Stanzione et al.
2020).
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Abstract Laccase, an incredible enzyme, has a wide prospective in bioremediation
processes, mainly due to its relative broad oxidation capacity, the lack of require-
ment of cofactors, and the use of readily available oxygen as the final electron
acceptor. However, the large-scale application of laccases in bioremediation neces-
sitates immobilization/insolubilization of the biocatalysts to enhance their opera-
tional stability. With the burgeoning use of laccases in wastewater treatment, several
state-of-the-art methods have been developed over the past few years to immobilize
laccase, derived from various microbial sources, in order to enhance the selectivity,
activity, stability, and reusability. Recent advances in these immobilization methods
offer promising solutions to the limitations of soluble enzymes, such as poor
reusability due to poor recoverability, low stability, and high costs, to name a few.
This article is intended to review the various recent methods employed for immobi-
lization or insolubilization of laccase and its use in treating various types of organic
contaminants in wastewaters including those from olive mill, pulp and paper,
biorefinery, municipal, hospital, and textile industries. Furthermore, to improve the
potential of the laccase-based biocatalytic system against wastewater/pollution treat-
ment, co-immobilization of enzymes such as tyrosinase, peroxidase, and glucose
oxidase, with laccase, would serve as a promising bioremediation tool for treating
the organic contaminants in industrial and municipal wastewater. The concept and
approach of this review also renders knowledge on a yet unexplored focus on the
pioneering advances on the development of immobilized laccase-based reusable
biocatalysts, which could be employed for treatment of industrial and hospital
wastewater.

1 Laccase: A Bioremediation Tool

The global rise in environmental contaminants has led to a reduction in the quality of
life, which has become a major concern in recent years. The root of these contam-
inants can be mainly traced to the waste treatment plants, and the source and type of
treatment is determined by the nature of these contaminants (Pal et al. 2010).
Typically, wastewater treatment focuses on remediation of the effluent in order to
meet the regulations of the effluent rather than using the treated water in the
industrial process. Despite the development of several wastewater remediation
processes, effective and rapid large-scale water treatment still remains a challenging
problem (Dignac et al. 2000). On the other hand, with the advances in enzyme
technology over the past decade, an increased interest in the use of enzymes in
wastewater treatment has been noted. Among these enzymes, laccase (EC 1.10.3.2)
has been widely exploited as a biocatalytic tool for various industrial applications
including wastewater treatment due to its ability to utilize a broader substrate range
and molecular oxygen for catalysis (Gasser et al. 2014). Moreover, the ability of
laccases to transform phenol and non-phenolic compounds by oxidation process
makes them an excellent choice for the remediation of a wide range of contaminants
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(Couto and Herrera 2006). Laccases are multicopper oxidases, with a potential to
oxidize a broad range of phenolic compounds including amino phenols, ortho- and
para-diphenols, polyphenols, and aromatic and aliphatic compounds, which are
coupled with electron reduction of O2 to H2O (Strong and Claus 2011). Laccases
can degrade potential contaminants, making them less toxic and imparting high
bioavailability, which can be removed by conventional physical or mechanical
methods. During the laccase-mediated bioremediation process, the redox potential
(E�) difference between the enzyme and the substrate is one of the crucial factors that
determine the oxidation rate of the substrate, thus limiting the use of laccase. On the
other hand, with the use of redox mediators, which act as a diffusible shuttle from
laccase enzyme to substrate, the scope of laccase on the remediation of high redox
potential pollutants has broadened to a greater extent (Morozova et al. 2007;
Frasconi et al. 2010). The best examples for laccase-mediated removal of contam-
inants include the removal of PAHs such as anthracene or benzopyrene (Zeng et al.
2016; Wu et al. 2008), recalcitrant dyes (Kumar et al. 2014), and organophosphorus
compounds, such as nerve agents VX or Russian VX (Amitai et al. 1998). However,
large-scale treatment processes require a large amount of the enzyme which is not
considered economical (Osma et al. 2011). Moreover, several factors such as pH and
chemical compounds present in wastewater hinder the enzyme activity by inhibiting
the activity site of the enzyme or inducing modification in the amino acid residues or
chelation of the copper atoms of the enzyme, leading to the reduction or inhibition of
the enzyme activities (Johannes and Majcherczyk 2000; Bollag and Leonowicz
1984). In addition, the high ionic strength imparted due to the presence of halide
groups (e.g., F�, Cl�, Br�), heavy metals (e.g., Hg2+, sn2+, Zn2+, Fe2+, Fe3+),
surfactants and some organic solvents (acetone, acetonitrile, dimethyl sulfoxide),
or proteases may inhibit the activity of laccase (Madhavi and Lele 2009; Yaropolov
et al. 1994; Couto and Herrera 2006; Cabana et al. 2007). The difficulty in the
recovery and reusability of the enzymes has also posed as a major limitation in the
large-scale application of laccase. Thus, development of an immobilized laccase
system not only overcomes the drawbacks but also enhances the stability of the
enzyme to a greater extent.

2 Laccase Immobilization

Irrespective of the general definition of immobilization, the prime functionality of
the immobilization process addresses two main functionalities: first, to aid in
effectively stabilizing the functionality of the enzyme within a desired time and
space (catalytic function) and, second, to ease the separation of the enzyme, in turn
enabling reusability of the biocatalytic system (non-catalytic function). The enzyme
immobilization process depends on the interaction of two functional compounds,
the enzyme and the carrier (carrier-based immobilization). The amino acid and the
functional groups on the side chain of laccases play a pivotal role in enhancing the
stability. Moreover, the presence of the side chain influences most of the surface
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properties of the enzyme, including the net charge, resultant of the individual amino
acid dissociation constants (pKa) that dictate the interaction of the enzyme with the
carrier particle (Secundo 2013; Halling et al. 2005). In fungal laccases, the three
main amino acid residues that are reported to be present are histidine (His), cysteine
(Cys), and methionine (Met). As Met is a non-polar amino acid with a sulfur moiety,
it is not involved in the cross-linking reaction in contrast to His and Cys (Ba et al.
2013; Habeeb and Hiramoto 1968). On the other hand, cysteine along with histidine,
lysine, and tyrosine residues is found to interact with the functional group present on
the carrier molecule (Ba et al. 2013). In addition, the stability and flexibility of the
immobilized particle can be varied by modifying the chemical bonds between the
enzyme and carrier particle, for example, the introduction of a covalent bond by
cross-linking agents. In most cases, the efficiency of the immobilized enzyme mostly
depends on the properties of the carrier particle (Sheldon and van Pelt 2013).
Considering this, it is generally accepted that the carrier should have a large
accessible surface area (i.e., >100 m2 g�1) combined with a pore size of approxi-
mately three times larger than the average diameter of the enzyme (i.e., >30 nm).
The latter results in better enzyme loading, retention, and reduced substrate and
cofactor diffusion constraints (Cao 2005).

Ideally, the carrier material should be inert and prepared to correlate with the
surface property of the enzymes, with a large porous surface area to accommodate a
large number of enzyme molecules. Moreover, the carrier particles should be
chemically and mechanically stable. For wastewater application, the carrier particles
should also be economically feasible, environmentally friendly, and more widely
available, which makes their selection a pivotal step in the immobilization process.
However, the presence of carrier particles may hinder the mass transfer rate leading
to a decrease in catalytic activity, which has led to the development of a carrier-free
immobilization technique by cross-linking the biocatalyst with cross-linking agents
such as glutaraldehyde (Sheldon and van Pelt 2013).

3 Immobilization Methods

Considering the surface properties of enzymes and their application, several immo-
bilization methods have been introduced (Fig. 1). These methods have been broadly
divided into five main types for ease of understanding:

1. Covalent immobilization
2. Cross-linked enzyme immobilization
3. Adsorption
4. Entrapment
5. Encapsulation

This chapter presents the various laccase immobilization technologies that exist
for bioremediation of wastewater (Table 1), for which most of the studies were
conducted either at a lab-scale or at a pilot-scale level.
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3.1 Covalent Binding

Covalent immobilization provides strong bonding and helps in overcoming the
drawbacks of leaching, specifically when working in aqueous media consisting of
denaturing factors (wastewater). This robustness of the enzyme could be due to the
restriction in the conformation changes by resisting the enzyme folding and thermal
vibrations by multiple bonding between the carrier and enzyme molecule (Brady and
Jordaan 2009). The covalent association of laccase with the support occurs due to the
presence of the amino acids in the side chain (eg. methionine, cysteine, lysine,
histidine), whose reactivity depends on the functional groups, such as hydroxyl,
imide, phenolic, indolyl, etc. (Sheldon and van Pelt 2013; Singh et al. 2015). The
specific activity of the immobilized laccase depends on the surface area of the
support material, which acts as a decisive factor. Similar to adsorption, several
synthetic and naturally occurring carriers can be used for the covalent immobiliza-
tion of laccase. The most common synthetic carriers, which include magnetic
nanoparticles (Wang et al. 2012), mesoporous silica (Salis et al. 2009), silica
(Zawisza et al. 2006), Eupergit® (Lloret et al. 2012), etc. along with the naturally
occurring carrier molecules such as chitosan (Kalkan et al. 2012), chitin, activated
coal (Davis and Burns 1992), and coconut fiber (de Souza Bezerra et al. 2015), were
commonly used for immobilization and subsequent bioremediation purposes. The
occurrence of steric hindrance, a major limitation, due to direct coupling of support
with enzymes can be overcome by the introduction of spacer arms such as glutar-
aldehyde, which separate the enzyme from the support molecule. On the contrary,
the carrier molecules containing carboxylic acid, such as polymers of acrylic acid,
require activators, such as carbodiimide, which under slightly acidic conditions react
with the carboxylic acid group to form highly reactive O-acylisourea derivatives.
Among many commercially available water soluble carbodiimides, cyclohexyl-3-
(2-morpholino-ethyl)-carbodiimide (CMC), 1-ethyl-3-(3-dimethylamino propyl)-
carbodiimide (EDC), and 1-cyclohexyl-3-(2-morpholino-ethyl)-carbodiimide
(CMC) are commonly reported. Among the other functional groups, amine-bearing
supports were widely used as carrier particles for covalent immobilization. The
amino functionalization can be introduced by either aminosilane attachment or
polyethyleneimine coating.

Coupling of laccases with the modified support can be achieved by various
methods, which include the use of bifunctional groups such as dialdehydes,
di-imidate esters, and diisocyanates. Among the various bifunctional groups, glutar-
aldehyde was the most commonly used cross-linking agent during covalent immo-
bilization. Glutaraldehyde forms a complex Schiff base with an amine functional
group on the carrier to form α,β-unsaturated carbonyl groups on which enzyme may
attach. Arıca et al. (2009) used a bifunctional glutaraldehyde for the immobilization
of laccase on non-porous poly glycidyl methacrylate and ethylene glycol
dimethacrylate beads with a maximum biocatalytic load of 4.9 mg/g along with
bioremediation application of the textile industrial dye Reactive Red 120 (Arıca et al.
2009). Over the past decade, an increase in the number of covalently immobilized
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laccase particle-based reports for bioremediation application reflects the popularity
of the covalent immobilization technique. One such report includes the use of
covalently immobilized Lentinula edodes laccase on Eupergit (D’Annibale et al.
1999), which proves its effective removal of phenolics from olive mill wastewater in
lab scale (D’Annibale et al. 2000). Despite its merits, diffusion limitation of the
substrate, intense aggregation, and settling along with the possibility of structural
alternation due to covalent bond formation on the active site of laccase limits the use
of covalent-based laccase immobilization.

3.2 Cross-Linking of Laccase

Enzyme immobilization by cross-linking the reactive NH2 group of the enzyme
using bi- or multifunctional cross-linking agents resulted in the strategical develop-
ment of carrier-free immobilization. Carrier-free immobilized biocatalysts can be
produced directly by cross-linked enzyme crystals (CLECs) or cross-linked enzyme
aggregates (CLEAs). However, as CLECs require highly purified crystalline
enzyme, CLEAs established itself as a potential alternative in developing a stable
biocatalyst that gears up activity to the maximum level possible. CLEAs is a rapid,
gentle, and cost-effective method for the production of carrier-free biocatalysts
(Sheldon 2011). In recent years, CLEAs have become a novel and potential biocat-
alytic system on both the lab and industrial scale and are generally considered to be
the next-generation biocatalyst for their applicability in the elimination of emerging
contaminants (Cabana et al. 2009; Ba et al. 2012, 2014a; Kumar et al. 2012). The
main advantage associated with CLEAs includes simultaneous purification and
immobilization of an enzyme particle in a simpler method in a short duration of
time, with the aid of a salting-out agent, ammonium sulfate, in the presence of
organic solvents, such as polyethylene glycol (Cabana et al. 2009), tert-butanol
(Kumar et al. 2012), and isopropanol (Matijošytė et al. 2010) under optimum
physiological conditions of the enzyme, along with cross-linking agents, such as
glutaraldehyde (Cabana et al. 2009). The resultant aggregates are separated by
simple centrifugation followed by washing with a buffer solution. Formation of
linking bonds among lysine amino acid residues by the action of dialdehyde group
(glutaraldehyde) was reported to be a cause for the formation of smart biocatalysts,
CLEA particles, with tunable physical properties (Cabana et al. 2009). Since the
immobilization technique does not require a carrier particle as support, high biocat-
alytic activity can be achieved at a lower production cost (Kumar et al. 2012).
Another additional benefit of the CLEAs technology is that it stabilizes the quater-
nary structure of multimeric enzymes and enhances the operational stability of the
biocatalytic system (Kumar et al. 2012). Generally, the resultant CLEAs exhibit
stability in both aqueous and solvent phases, making them suitable immobilization
processes (Sheldon 2011; Ba et al. 2012).

However, the gelatinous nature of CLEA particles leads to low reproducibility
and low mechanical stability. As a result, the CLEAs are often bound to a carrier to
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improve the operational stability of CLEAs or to ease the separation process. Thus,
the process can be upgraded by introducing carrier particles such as mesoporous
silica particle or magnetic nanoparticle (Kumar et al. 2014). CLEAs have been
extensively used in various applications, including bioremediation. With the use of
modern nano-engineered technologies, a creative fusion of biocatalysis, chemical
engineering fundamentals, and nanotechnology has opened up attractive horizons
towards immobilization techniques. This amalgamation resulted in the development
of magnetic nanoparticle-based CLEAs of laccase to bolster long-term mechanical
stability and could be recycled by the application of a magnetic field (Kumar et al.
2014). The operational stability of the CLEAs was enhanced by coating with a
chitosan and 3-aminopropyltriethoxysilane polymer network (Hassani et al. 2013).
Due to the limitation of restricted mass transfer of substrate in CLEAs, porous cross-
linked aggregates ( p-CLEAs) with enhanced biocatalytic activity were developed
and proved to be effective with recyclability up to 15 cycles (Kumar et al. 2012).

Consequently, CLEAs are considered as the most attractive carrier-free method of
immobilization for the effective treatment of wastewater. As an application in real
matrix, magnetic CLEAs (mCLEAs) from T. versicolor, which is known for its
potential in the effective biotransformation of pharmaceutically active compounds—
acetaminophen, mefenamic acid, fenofibrate, and indomethacin—claimed to exhibit
an enhanced stability against chemical denaturants in real wastewater matrix (Arca-
Ramos et al. 2016b). The potential application of CLEAs laccase in wastewater was
widely discussed by Ba et al. (2013). Despite scientific advances in immobilization
by cross-linking, most of the application of CLEA particles was restricted to
simulated wastewater treatment rather than real matrix, which includes mCLEAs
of laccase for decolorization of dye (Kumar et al. 2014) and antibiotics (Yang et al.
2017) and porous CLEAs for reactive dyes (Kumar et al. 2012). However, low yield
of the enzyme and absence of required mechanical strength due to the lack of carrier
particle act as a major drawback for a CLEA-based laccase system.

3.3 Adsorption

Adsorption of enzymes involves physical interaction of the enzyme with the sup-
ports through dipole–dipole, hydrogen bonding, electrostatic, or hydrophobic and
hydrophilic interactions (Jesionowski et al. 2014). For adsorption, the desired
adsorbate (support) is made to contact with the laccase for a fixed time period at
suitable conditions, and the unabsorbed enzymes are removed by washing. In spite
of the weak interaction of the enzyme and adsorbent, high catalytic activity, less or
no requirement of chemicals, and provision for reusability of support make this
technique popular among others. Depending on nature and occurrence, the carrier
molecules can be categorized into organic carriers, which include naturally occurring
compounds such as chitosan, chitin, cellulose, alginates, etc. and inorganic carriers
such as silica, titania, hydroxyapatite, etc. (Jesionowski et al. 2014). Laccase gener-
ally exhibits higher affinity towards organic carriers in comparison with the
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inorganic carrier molecule (Jesionowski et al. 2014) and is found to be more
selective towards chitosan due to the enhanced ionic interactions. The work with
chitosan as a carrier molecule along with itaconic acid and Cu(II) as a carrier
modifier displayed an enhanced catalytic loading, which in turn improved the
efficiency bioremediation of contaminants (Bayramoglu et al. 2012). Similarly,
laccase immobilized on various organic carriers—chitosan (Yang et al. 2006),
wood fiber (Saarinen et al. 2008), inorganic carrier—alumina (Abadulla et al.
2000), quartz (Saarinen et al. 2008), metals (zirconium) (Li et al. 2018), and porous
support—mesoporous silica (Shao et al. 2009), mesoporous molecular sieve
MCM-41 (Fernández-Fernández et al. 2013) was reported for its subsequent appli-
cation towards bioremediation of various contaminants. On the other hand, use of
magnetic nanoparticle as a carrier opened a new window in the metal affinity
adsorption-based immobilization method. Metal ions, such as poly crystal gold,
metal (gold and silver)-coated electrodes, indium tin oxide films, magnetic nanopar-
ticle, and metal chelates have been tested as ion exchange supports for laccase
immobilization based on adsorption.

Among the metal chelates, application of laccase-based copper-chelated magnetic
nanoparticles for the treatment of coking wastewater was considered as the best
example for metal affinity adsorption (Wang et al. 2012). The other metal-based
adsorptions include the use of either magnetic copper nanoparticles (Wang et al.
2008) or magnetic chitosan microspheres (Fang et al. 2009). The affinity of the
enzyme and carrier is considered as the most important criterion for adsorption and
its use in wastewater treatment. In most cases, the weaker interaction of carrier
particle can be enhanced using intermediate agents (carrier modifiers) or by modi-
fication of the carrier surface. The histidine functional group containing support
molecules was reported to exhibit a favorable adsorption condition for laccase
immobilization (Fernández-Fernández et al. 2013). The bifunctional (glutaraldehyde
and ethylene glycol-N-hydroxysuccinimide) and monofunctional (citraconic anhy-
dride) groups were reported as widely used surface modification agents to introduce
functional group on the surface of carrier for the enhanced adsorption of laccase
(Fernández-Fernández et al. 2013). Liu and co-workers modified the magnetic
nanoparticle surface using a bifunctional agent and showed a two-fold improvement
in the biocatalytical loading with application in reduction of COD levels in real-time
papermaking (pulp and paper) effluent (Liu and Wang 2014). On the other hand,
with global awareness on eco-friendly processes, researchers are working on renew-
able carrier supports such as coconut fibers with good water holding along with
cation exchange properties, modified Kaolin with chemical acetylation, etc. As an
important aspect, it should be noted that enhanced operational stability was observed
in most of the support’s molecules, with the exception of some supports such as
aluminum hydroxide (Ahn et al. 2007). Despite its relatively simple and inexpensive
method, with industrial potential, the presence of a weak interaction leading to
desorption of laccase and reduction in the biocatalytic loading under the harsh
conditions of wastewater treatment acts as a major limitation. The exposure of
laccase to the microbial attack that is present in the wastewater environment acts
as another major drawback. On the other hand, the competitive adsorption of the
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pollutants to the adsorbent reduces the catalytic loading of laccase in real matrix
(Alshabib and Onaizi 2019). Moreover, the adsorbed enzymes are shielded by the
hydrophobic interface which hinders the interactions with substrates (Spahn and
Minteer 2008).

3.4 Encapsulation

Encapsulation is considered as the simplest and the most straightforward method
involving entrapment of the biomolecules in a polymer matrix without any associ-
ation of bonding between the network and the biomolecules (Mohidem and Mat
2012). Similar to entrapment, this method has the advantage of reusability and
permeability of the substrates. The widely applied sol–gel technology and
bioencapsulation are considered as two different encapsulation methods with an
application in bioremediation (Irshad et al. 2012). The sol–gel is chemically inert and
exhibits a remarkable half-life period along operational stability making this method
popular (Mohidem and Mat 2012). Among many immobilization methods, laccase
encapsulation was quite popular in bioremediation along with its other applications,
which include as selective coating for optical and electrochemical biosensors and as
a stationary phase of an affinity chromatography. With advances in polymer science,
several studies have been reported on laccase immobilization with a wide range of
natural and synthetic polymers. For enhanced shelf life period, doping of additives
was introduced to protect laccase from denaturation by minimizing the nucleophilic
attraction of water and also maintained the hydration levels by modifying the
microenvironment of laccase (Fernández-Fernández et al. 2013). Mohidem and
co-workers demonstrated the effect of additive agents polyvinyl alcohol, polyethyl-
ene glycol, and (3-aminopropyl)triethoxysilane in the enhancement of enzyme
stability (Mohidem and Mat 2012). Addition of these agents as additives during
the pre-gelation process is aimed at preserving the laccase catalytic activity during
the gelation process. The literature regarding laccase encapsulation for the elimina-
tion of real-time pollutants in wastewater is limited. Encapsulated laccase in
hydrogels by the sol–gel method exhibited an enhanced degradation of the dye in
industrial effluent in comparison with its free counterpart from P. ostreatus (Asgher
et al. 2012). Furthermore, with the invention of the electrospinning method, several
eco-friendly and recoverable fibrous membranes were developed, which in turn were
used for the entrapment of laccase using in situ emulsion electrospinning immobi-
lization technology (Niu et al. 2013). Even though encapsulation of laccase exhibits
enhanced operational stability along with resistance against inactivating agents, the
leakage of the enzyme and diffusion limitation hindered their industrial usage
(Ba et al. 2013).
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3.5 Entrapment

Enzyme entrapment is considered a simple immobilization method achieved using a
polymer network such as a natural or organic polymer. The classic example of
enzyme entrapment is the polymerization of sodium alginate with calcium chloride,
which leads to the formation of interfacial polymerization with the precipitation of
calcium alginates (Fraser and Bickerstaff 1997). The gel obtained is considered to be
chemically inert and mechanically stable, which protects the enzyme from the
external environment (Fraser and Bickerstaff 1997; Bickerstaff 1997). In addition,
the open lattice structure of the immobilized beads allows a greater mass transfer due
to high porosity ranging from 200 to 150 nm in diameter (Fraser and Bickerstaff
1997). In addition, laccase entrapment can be performed through thermo-reversal
polymerization by using either natural or synthetic polymers such as alginate,
gelatine, polyvinyl acetate, beta-carrageenan, and acrylic acid (Fraser and
Bickerstaff 1997). As a wastewater treatment application, this immobilization
method is limited due to the presence of chelating agents such as EDTA, citrate,
Mg2+, and phosphate in the wastewater, which may destabilize the calcium alginate
beads (Fraser and Bickerstaff 1997). Some techniques, such as the use of stabilizing
agents or stabilizing by cross-linking with other polymers such as chitosan (Lu et al.
2007), were found to increase the stability of laccase. For instance, alginate was
reported as a stabilized agent with gelatine as a natural polymer and demonstrated an
enhanced stability of up to 85% of residual activity after five successive cycles of
decolorization of industrial synthetic dye (Mogharabi et al. 2012). In parallel with
the knowledge on the laccase and their dependence on the copper molecule,
Teerapatsakul et al. investigated the use of copper sulfate as an alternative to calcium
chloride for the effective formation of copper alginates, with enhanced laccase
activity. In comparison with calcium alginate, copper alginate proved to be a better
support with enhanced residual activity and reusability (Teerapatsakul et al. 2008).
In spite of several advancements in the entrapment of laccases, their usage is limited
due to low catalytic loading and excessive leakage of laccases during the process
(Spahn and Minteer 2008; Cao 2005). Moreover, due to the high thermal conduc-
tivity of the polymers used in the entrapment process, a rapid reduction in the
thermal stability of the laccase during the bioremediation process was assumed to
be another common drawback of the entrapment process (Cao 2005).

3.6 Co-immobilization

The knowledge about enzyme chemistry along with studies on their reaction mech-
anisms led to the strategic development of a novel immobilization technique where
more than one enzyme is used during immobilization. This process is called
co-immobilization. Among the co-immobilization strategies, multipurpose CLEAs
involving more than one enzyme, multi-CLEAs or combi-CLEAs, are gaining
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prominence for their sole process, the multi-enzyme cascade process. By definition,
combi-CLEAs are defined as CLEAs of different proteins/enzymes. In addition,
requirement of less space with high economic and eco-friendly benefits of the
combi-CLEAs made this technique preferable. Due to substrate limitations, chang-
ing operating conditions, and the synergistic action that results from the combination
of different enzymes, it is preferable to use, for example, multiple oxidoreductase
enzymes like laccase (Lac), tyrosinase (Tyr), peroxidase (VP), and glucose oxidase
(GO) to eliminate a wide range of trace level organic contaminants like endocrine-
disrupting compounds and pharmaceuticals (Anderson et al. 2018).

These versatile biocatalysts can be comprised of oxidative and supporting
enzymes that interact in a cascade of reactions, which makes them a perfect
bioremediation tool for dye decolorization, lignin bioprocessing, elimination of
pharmaceuticals, and endocrine-disrupting compounds (Taboada-Puig et al. 2011;
Abadulla et al. 2000; Ba et al. 2012, 2013, 2014a; Touahar et al. 2014). Even though
several enzymes have been immobilized by this technique, immobilization of
laccase along with other oxidoreductase enzymes for bioremediation application is
limited. Ba et al. used a bi-enzymatic system, with laccase and tyrosinase
immobilized as combi-CLEAs that showed improved efficiency in the transforma-
tion of acetaminophen from municipal and hospital wastewaters, respectively, at
pH 7.0 (Ba et al. 2014a). Immobilization of the versatile tri-enzymatic system
consisting of laccase, versatile peroxidase, and glucose oxidase by CLEAs technique
(Touahar et al. 2014) exhibited an enhanced stability of the enzymes. The resultant
biocatalyst showed an increase in the oxidation spectrum of 14 pharmaceutical
compounds such as acetaminophen, diclofenac, mefenamic acid, atenolol, epoxy
carbamazepine, fenofibrate, diazepam, trimethoprim, ketoprofen, indomethacin, car-
bamazepine, caffeine, and naproxen in synthetic wastewater, which was more
efficient than the free enzymes (Touahar et al. 2014). By exploring the advantage
of laccase with varying redox potential, a multi-laccase system from Thielavia
genus, Coriolopsis polyzona, Cerrena unicolor, Pleurotus ostreatus, and Trametes
versicolor was immobilized onto fumed silica nanoparticles for the oxidation of
trace organic contaminants, namely, carbamazepine, diclofenac, sulfamethoxazole,
ibuprofen, gemfibrozil, benzophenone-2, benzophenone-4, and bisphenol A
(Ammann et al. 2014). On the other hand, the pollutants, gemfibrozil and
benzophenone-2, which resist oxidation by the sole action of T. versicolor or
C. polyzona laccase, were reported to be successfully remediated by
co-immobilized C. polyzona and T. versicolor laccase nano-biocatalyst. This reflects
the importance of the co-immobilization technique in bioremediation. Due to the
variation in the pH of the wastewater, a multipurpose immobilized biocatalyst was
developed with subunits of laccase from C. polyzona, with an acidic pH optimum,
and from C. cinerea, with a neutral pH optimum, which showed biocatalytic activity
through a broad pH range, implying their suitability for the treatment of
micropollutant-contaminated real wastewaters of varying pH (Agathos 2012). In
the same context, Ba et al. insolubilized two commercial laccases, from a fungus and
a bacterium, using combi-CLEAs, and claimed to achieve a 70% reduction in total
COD of a pulp and paper mill wastewater (Ba et al. 2012).
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4 Immobilized Laccase-Based Reactors for Wastewater
Treatment

The selection of the reactors for the immobilized laccase and establishment of its
operation strategy for the efficient treatment of wastewater is considered a major
challenge. Depending on the mode of immobilization and treatment strategies of
wastewater, various bioreactors, along with multifunctional hybrid reactors, have
been designed, which makes the categorization of reactors a difficult task. However,
based on the design, the immobilized enzyme-based bioreactors are grouped into:

1. Stirred tank reactors (STR)
2. Membrane-based reactors (MBR)
3. Packed bed reactors (PBR)
4. Fluidized bed reactors (FBR)

These enzyme reactors generally operate either in batch, fed batch, or continuous
mode. However, the batch reactor is considered a more versatile tool in determining
the degradation kinetics of wastewater, which makes it a prime choice of reactor
design at a laboratory scale or pilot scale.

Despite the extensive work and potential applications of immobilized laccase in
degradation of contaminants, limited studies were reported on the remediation of
real-time wastewater using immobilized laccase in a bioreactor (Table 2). Generally,
packed bed reactor, fluidized bed reactor, and membrane reactors are considered to
be ideal reactors for immobilized enzyme systems (Wanga and Zhonga 2011;
Stanbury et al. 2013; Messing 2012). However, with technological advancements,
some bioreactors are reported to have a suspension system, which includes stirred
tank reactors, airlift, and bubble column bioreactors. For instance, Osma et al. used a
continuous stirred tank reactor (CSTR) for the degradation of textile dye in simulated
wastewater using covalently immobilized laccase (Osma et al. 2010).

The selection of a bioreactor generally depends on some key fundamental
principles, such as transport phenomena, which include mass transfer along with
the efficiency to maintain the optimum conditions required by the immobilized
laccase (Stanbury et al. 2013). However, in most cases, it is difficult to design an
ideal reactor that meets all the requirements, and hence some of these requirements
can be packed accordingly. For example, it is crucial to balance the agitation speed
and the mass transfer in STR in order to avoid the reduction in biocatalytic load due
to shear force (Wanga and Zhonga 2011). Accordingly, several bioreactors and
hybrid reactors have been designed for wastewater treatment which is briefly
discussed in the next sections.
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4.1 Stirred Tank Reactor

An STR is considered as the most commonly used bioreactor design in bioprocess
industries for its ease in fabrication and simple operation with minimal process
controls (Fig. 2a). An STR consists of a simple tank containing a sparger for aeration
along with an agitator or impeller with a wide range of functionalities like heat and
mass transfer (Messing 2012). Depending on the transport phenomena, power
consumption, and fluid dynamics, numerous impellers were designed, which were
grouped into axial and radial flow impellers. For a shear-sensitive immobilized
laccase system, the conventional impeller may adversely affect the system due to
either high hydrodynamic shear force or air bubble produced by the gas sparger
(Messing 2012). On this aspect, a number of alternative forms of impeller, like
Intermig, Prochem Maxflo T, and Scaba 6SRGT, were developed with improved
mixing efficiency at low tip speed (Wanga and Zhonga 2011), which are assumed to
be suitable for immobilized laccase. Besides the impeller, the design of STR for
wastewater treatment follows the standard geometrical specifications that are
required in conventional STR, which were widely reported by some authors
(Stanbury et al. 2013; Kargi and Shuler 1992).

Depending on the mode of operation, a STR can be operated either in batch or in
continuous mode. In batch mode, the recovery of the immobilized laccase is often
accompanied by centrifugation or filtration. However, the formation of clumps,
especially in CLEAs, leads to a reduction in the efficiency of immobilized particles,
which acts as a major limitation in the treatment of wastewater (Arca-Ramos et al.
2016b). To address this setback, Arca-Ramos et al. developed laccase cross-linked
magnetic silica microbeads for successful treatment of pharmaceutically active
compound (PhAC) in wastewater (Arca-Ramos et al. 2016b), which was based on
the design of magnetic-assisted laccase immobilization reported (Kumar et al. 2014).
In the continuous stirred tank reactor (CSTR), hydraulic retention time (HRT) is
considered a key design variable, which is defined as the amount of time spent by the
wastewater in the reactor (Osma et al. 2010). Similar to a batch reactor, CSTR can
also be operated for effective wastewater treatment. However, reduction in the
biocatalytic load due to shear force and requirement of further downstream
processing for the separation of the immobilized laccase in CSTR increases the
overall process cost of wastewater treatment using immobilized laccase, thus limit-
ing its usage on a large scale.

4.2 Membrane Bioreactor

A membrane bioreactor is a simple device that combines the concept of biocatalytic
conversion with membrane separation (Fig. 2b) (Stanbury et al. 2013). Restriction of
the enzymes within the reactor, which further reduces the washing loss of the
enzymes, is considered a major advantage of a membrane bioreactor (Wanga and
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Zhonga 2011). With the advancement in immobilization techniques, biocatalytic-
dense membranes have successfully replaced conventional membranes and are
considered a promising technology in the field of wastewater treatment using a
membrane bioreactor. Additionally, obligatory interaction of the pollutants with
the immobilized laccase during filtration makes this reactor an obvious choice in
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the treatment of pollutants (De Cazes et al. 2014). The membrane is selected
depending on the application and the immobilization strategy, and some of the
common membranes include polysulfone, cellulose, polytetrafluoroethylene,
ceramic, polyvinylidene difluoride (PVDF), and polypropylene. On the other hand,
pore size of the membrane acts as a decisive property in arbitrating the mass transfer
rate of the substrate into the membrane (Kargi and Shuler 1992; Stanbury et al.
2013). Depending on the mode of membrane packing, these membrane reactors can
be grouped into any of the following modules: plate and sheet, spiral wound, and
tubular or hollow-fiber modules.

The biocatalyst, laccase, can be either be entrapped inside the porous structure or
adsorbed onto the surface of the membrane. The immobilization techniques used in a
membrane bioreactor are mainly classified as non-covalent immobilization, covalent
immobilization on the surface of the membrane, and entrapment of laccase in the
membrane (Arca-Ramos et al. 2018). Entrapment of laccase in the membrane was
reported to be a benign approach when compared to the other immobilization
techniques, as it shields the enzyme from harsh conditions that avail in the waste-
water treatment process (Wanga and Zhonga 2011). The work on laccase-mediated
remediation of PAHs in real-time wastewater matrix, where laccase was encapsu-
lated on poly(D,L-lactide-co-glycolide) in spider type bioreactors, showed the effec-
tiveness of the entrapped laccase system. This immobilized laccase exhibited
enhanced stability when compared to the free enzymes and retained more than
80% of its initial activity for about 60 days of incubation (Niu et al. 2013).

On the contrary, during entrapment, the limited volume porosity leads to a
reduction in the biocatalytic load, which was considered a common limitation. As
an alternative, immobilization on the surface of the membrane, specifically by
covalent immobilization, was considered as a strategic solution. For instance,
Jolivalt et al. and Ji et al. covalently immobilized laccase and showed an enhanced
remediation of micropollutant in sewage water in a membrane reactor (Ji et al. 2016,
2017; Jolivalt et al. 2000). In spite of several advantages, such as low maintenance
and low sludge generation with a higher degradation rate of organic pollutants, MBR
has limited use due to the fouling of membrane and limited contact time between
laccase and contaminants. This phenomenon may decrease the permeate flux or
surge in the transmembrane pressure, which increases the overall operational cost
and decreases the membrane’s life span. Additionally, most of the previous studies
reported were mostly on simulated wastewater bioremediation using laccase-assisted
membrane reactors, among which only limited reports have been published on real
wastewater matrices (Table 2).

4.3 Packed Bed Reactor

A packed bed reactor (PBR) also known as a fixed bed reactor is the most common
type of bioreactor used for an immobilized enzyme system owing to its simplicity
and high reaction rates (Fig. 2c). The conventional PBR consists of a vertical column

136 V. K. Vaithyanathan et al.



packed with appropriate carrier particles loaded with biocatalysts, forming a sub-
merged bed. The feed can be introduced either from the top or from the bottom, and
in most laboratory scale reactors, the feed is given from the bottom due to the ease in
maintaining the liquid levels above the bed (Sondhi et al. 2018). However, on an
industrial scale, to avoid the use of a pump and to reduce power consumption, the
feed is often supplied from the top under the influence of gravitational force.
Reversal of the feed flow has the advantage of maintaining the compactness of the
bed and also aids in clearing the loaded biocatalyst (Illanes 2008). Ideally, the flow
of the liquid is parallel to the reactor axis, thereby avoiding the back mixing (Arca-
Ramos et al. 2018). Due to the ease in operation and simple design, these reactors are
widely used as model reactors for the treatment of wastewater, irrespective of the
laccase immobilization strategy (Niladevi and Prema 2008; Nguyen et al. 2016;
Davis and Burns 1992). Furthermore, with the development of co-immobilization
technology, Krastanov developed a simple biocatalytic system by co-immobilizing
Pyricularia oryzae laccase and mushroom tyrosinase on Mikroperl support for the
removal of various phenolic compounds, such as 4-methoxyphenol, 2,6
dimethoxyphenol, 2,4 dichlorophenol, 4-choloro-3-methylphenol, 4-chlorophenol,
naphthol, chlorogenic acid, 3-methoxyphenol, 2-chlorophenol, guaiacol, m-cresol,
p-cresol, o-cresol, 3-chlorophenol, phenol, catechol, catechin, and DOPA in a
packed/fixed bed tubular bioreactor (Krastanov 2000).

However, relatively poor mass and heat transfer due to low liquid velocity are
considered the major drawback of PBR (Wanga and Zhonga 2011). Another draw-
back of PBR includes accumulation of stagnant gas packets, which leads to poor
transfer phenomena (Wanga and Zhonga 2011). As a solution to this setback,
Shiotanni and Yamane proposed a shallow horizontal packed bed reactor with free
head space, and the designed reactor was successful in removing the produced
carbon dioxide accumulated in the head space above the packed bed due its
buoyancy. This design can be used as a better alternative in wastewater treatment
applications to avoid the formation of stagnant gas pockets during the remediation
process.

4.4 Fluidized Bed Reactor

A fluidized bed reactor (FBR) is considered an effective reactor used in the waste-
water treatment process due to its low cost, high mass transfer rates, and uniform
mixing (Fig. 2d) (Bello et al. 2017). The FBR is specifically used for high viscous
effluent or low-soluble pollutant that creates clogging problems in PBR (Arca-
Ramos et al. 2018; Lema Rodicio et al. 2014). The basic principle of FBR involves
the passage of the fluid through the static bed of immobilized biocatalysts with a
sufficient superficial velocity, such that the immobilized particles behave like a fluid.
When the fluid velocity is less than the drag and gravitational force of the bed, the
reactor behaves as a packed bed reactor. However, at particle velocity, the applied
fluid velocity balances the weight of the particle and, thus, completely suspends the
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particles in the fluid. The fluid velocity required to move the bed is termed as
minimum fluidization velocity (Bello et al. 2017). Depending on the minimum
fluidization velocity, the FBR is categorized as smooth fluidization, slugging fluid-
ization, bubbling fluidization, turbulent fluidization, or pneumatic fluidization (Yang
2003).

Based on the application and required transport phenomena, the FBR can operate
either in a two-phase flow system (solid–gas or solid–liquid) or in a three-phase flow
system (solid–liquid–gas) (Grace and Bi 1997). However, in wastewater treatment, a
solid–liquid system is commonly used, where the solid phase can be immobilized
laccase and the liquid phase wastewater effluent. This configuration was successfully
applied by Osma et al., for the remediation of simulated textile wastewater using
laccase covalently immobilized on silica particle (Osma et al. 2010). Additionally,
the reports on remediation of pollutants from coking wastewater claimed more than
95% remediation of phenols using laccase immobilized on magnetic mesoporous
silica particle (Wang et al. 2012). Similarly, Cabana et al. used CLEAs of laccase
from Coriolopsis polyzona for the effective elimination of BPA, nonylphenol, and
triclosan in a fluidized bed reactor (Cabana et al. 2007). However, lack of proper
oxygen transfer to the immobilized laccase in a two-phase flow system can be a
major limitation (Chao et al. 2011). In this situation, the three-phase flow system,
which includes an inlet for aeration or oxygenation, acts as a suitable alternative. In
addition, the fluidization can be achieved by providing either current or counter-
current of either effluent or gas, which makes it a suitable reactor for the wastewater
treatment using immobilized laccase (Chao et al. 2011; Wanga and Zhonga 2011;
Grace and Bi 1997). Despite these advantages, limited research has been reported
with the three-phase flow FBR due to high shear force and elutriation of particles at a
high flow rate.

4.5 Other Miscellaneous Reactors

A perfusion bioreactor was designed to overcome the disadvantages of mechanical
shear in reactors and reduction in the reusability of the particles (Fig. 3). Based on
metallic filtrations like membranes, a perfusion basket reactor, filled with
immobilized laccase particles, was developed for the effective degradation of
endocrine-disrupting chemicals (EDCs) (Cabana et al. 2009). This unbaffled and
3-blade marine propeller showed more than 80% of degradation efficiency of EDCs
in a hydraulic retention time (HRT) of 325 min (Cabana et al. 2009). Applying a
similar concept, a perfusion basket reactor equipped with mCLEAs was developed
for continuous degradation of synthetic dyes (Kumar et al. 2014). This reactor was
reported to perform in continuous mode and could be used for the effective treatment
of wastewater on a large scale.

Based on conventional bioreactor functionalities, several hybrid reactors were
introduced for the effective remediation of wastewater, which combined two or more
functionalities of different reactors. One such hybrid reactor was designed by Ba
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et al. with a combination of simple STR (loaded with CLEAs of laccase) and a
membrane filter unit (Ba et al. 2014b). This hybrid reactor reported more than 93%
elimination of carbamazepine in 72 h along with complete removal of acetamino-
phen and mefenamic acid from municipal wastewater (Ba et al. 2014b). Although
the proof of concept of these reactors was successful in laboratory scale, lack of
extensive research on these reactors (with immobilized laccase) for the treatment of
wastewater acts as a major drawback in commercialization of these reactors.

5 Conclusion

Laccase has emerged as a potential biocatalytic tool in the degradation of a broader
spectrum of contaminants due to its high redox potential. However, the lack of
sufficient availability of the enzyme impedes its commercial application for the
treatment of wastewater, which can be overcome by the insolubilization process.
An understanding of different types of immobilization strategies, along with their
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Fig. 3 Schematic representation of perfusion basket reactor with immobilized enzyme
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interactions with the amino acid moiety of laccase, is considered highly indispens-
able for enhancing the effectiveness of the immobilization strategies for their use in
large-scale applications. This biocatalytic system generally shows a greater potential
for the biotransformation of contaminants into innocuous products when used in a
suitable bioreactor. Despite the advancements in wastewater treatment, numerous
challenges still exist that have to be addressed in order to make laccase-mediated
systems a commercially competitive technology. However, with a clear understand-
ing of the challenges, it will be possible in the future to design a desired laccase
system without compromising its stability and activity, for the continuous remedi-
ation of wastewater in an environmentally friendly and economically feasible way.
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Abstract Municipal wastewaters have been recognized as the primary source of
emerging contaminants such as pharmaceuticals and personal care products (PPCPs)
in the aquatic receiving environment. The impacts of this contamination on the
environment and human health are still not fully understood. Laccases are enzymes
capable of degrading various PPCPs leading to widespread promising applications
of laccases in bioremediation processes. Laccases are immobilized to broaden their
applicability. Immobilization improves the enzyme stability regarding denaturing
and operational conditions and creates a recyclable catalyst. Because of its high
activity retention, stability and simplicity, the cross-linked enzyme aggregate
(CLEA) technology has been considered as an effective carrier-free immobilization
method. CLEA technology has been successfully applied for laccase insolubilization
(lac-CLEA). However, considerable attempts are still needed to improve the stability
and reusability of lac-CLEAs, especially in continuous treatment processes. Novel
stabilization strategies have been developed to overcome the undesirable limitations
of lac-CLEA applications in bioremediation. This chapter focuses on the latest
improvements in the preparation and stabilization of lac-CLEAs for the removal of
pollutants from waste streams.
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1 Introduction

Pharmaceuticals and personal care products (PPCPs) are among emerging contam-
inants in water that have been commonly identified in the environment (Wilkinson
et al. 2017). Municipal wastewater treatment plant effluents have been recognized as
the primary source of PPCPs in the environment (Verlicchi et al. 2012). Hence,
existing WWTPs designed in the nineteenth and twentieth centuries to treat house-
hold wastewater and industrial effluents are not effective in removing these emerg-
ing contaminants (Lofrano and Brown 2010).

The presence of PPCPs in wastewater is of interest in environmental pollution
(aquatic and terrestrial ecosystems) because some PPCPs are biologically active
even at low concentrations and have bioaccumulation potential (Brausch and Rand
2011; Tanoue et al. 2015; Hopkins and Blaney 2016). PPCP contamination may lead
to environmental and health problems (Rasheed et al. 2018). For example, male fish
feminization as a result of exposure to steroidal hormones, development of
antibiotic-resistant genes due to the release of antibiotic active compounds into the
environment and various harmful effects on development or reproduction that may
be caused by endocrine-disrupting chemicals (EDCs) (Ortiz de García et al. 2013;
Riva et al. 2018; Sharma et al. 2019). The occurrence of these PPCPs in drinking
water and irrigation water may also pose health concerns and wastewater manage-
ment challenges in many regions, particularly in developing countries where waste-
water treatment plants (WWTPs) are rare (Drechsel et al. 2015; Gogoi et al. 2017).

Furthermore, to face the problems of water scarcity in some regions of the world,
the mobilization of alternative water sources, including wastewater recycling, is
increasing (Wilcox et al. 2016). Recycled wastewater is mainly used for non-potable
direct and indirect uses, such as irrigation, watering green spaces or industrial
processes (Drechsel et al. 2015). The impacts of these practices on the environment
and human health are still not very well-known (Kabir et al. 2015; Kumar and Pal
2018; Nilsen et al. 2019). The health risks (chronic exposure to contaminants) and
environmental risks (soil degradation, contamination of groundwater) present a gap
to be filled to understand the impact of reusing wastewater containing emerging
contaminants (Semerjian et al. 2018).

The progress in advanced wastewater treatment technology development has led
to the creation of some innovative treatment processes. Bioremediation processes are
considered one of the most effective and eco-friendly mechanisms for municipal
wastewater treatment. Enzymatic technologies have gained interest because of their
specificity and selectivity in removing contaminants from waste streams (Bilal et al.
2019a).

Enzymes are catalysts capable of carrying out specific reactions. Laccases
(EC 1.10.3.2) and peroxidases (EC 1.11.1.7) are enzymes capable of degrading
various PPCPs (Alneyadi et al. 2018). The effectiveness of enzymes has led to a
focus on ligninolytic enzymes as a promising tool for biotransformation processes.
Laccases have drawn attention in recent decades because of their high bioremedia-
tion potential (Madhavi and Lele 2009). Laccases are copper-containing
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oxidoreductase glycoprotein widely distributed in fungi, bacteria and plants. They
have been broadly applied in numerous biotechnological and industrial fields
(Demarche et al. 2012; Gasser et al. 2014). Laccases are versatile catalysts capable
of oxidizing a variety of phenolic and non-phenolic compounds and have been used
in different operational conditions. They only need oxygen to oxidize their sub-
strates, which is a significant economic advantage. The reaction end products
resulting in laccase degradation of phenolic compounds are also one of the advan-
tages of laccase application in bioremediation processes. The resulting metabolites
(reactive phenoxy radicals) form a variety of oligomers that have been found to
significantly lose their biological activity and toxicity (Ba et al. 2013; Bilal et al.
2019b).

The economic viability of a large-scale application of enzymes in bioremediation
is directly affected by the cost contribution of the enzyme to the treatment. So, to be
cost-effective, enzymes must be simple to produce and handle, as well as stable and
reusable, with high catalytic activity (Naghdi et al. 2018). When suspended in an
aqueous phase, enzymes are soluble, making them challenging to reuse. The immo-
bilization techniques consist of physical or chemical interactions to generate insol-
uble enzymes by confining them in a certain region of space. The immobilized
enzymes are then reusable and contribute to reducing the treatment cost (Zdarta et al.
2019).

Physical immobilization methods consist of entrapment or binding enzymes onto
a carrier material. The physical support reduces the volumetric activity of the
enzymes compared with carrier-free immobilization approaches (Wang et al.
2015). The most valuable carrier-free immobilization technique is the cross-linking
enzyme aggregate (CLEA) method. The CLEAs are produced through covalent
bonds that keep the enzyme aggregates together. CLEAs appear to have considerable
bioremediation potential because of their high activity retention and stability, com-
bined with their simple preparation protocol. CLEAs display a high catalytic prop-
erty because the insolubilization method does not need physical support (Cao et al.
2003; Sheldon 2011). CLEA technology has been used for laccase insolubilization
(lac-CLEA). Lac-CLEAs have been successfully applied to treat pollutants from
different waste streams. However, to increase the probability of satisfying the
operational requirements for large-scale applications, it is still necessary to improve
the existing lac-CLEA preparation methods, to enhance the insolubilized laccase
stability, as well as its catalytic properties. Better reactors adapted for the application
of lac-CLEAS in real environmental and operational conditions need to be devel-
oped (Ba et al. 2018; Bilal et al. 2019a).

This chapter presents an overview of the latest strategies to enhance lac-CLEA
formulation and stability enhancement to apply lac-CLEAs as a promising bioreme-
diation tool for the removal of emerging contaminants from municipal wastewater.
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2 Cross-Linked Enzyme Aggregate Technology

Enzyme cross-linking technologies were developed in the middle of the twentieth
century. Three cross-linking methods using dissolved enzymes (CLEs), crystallized
enzymes (CLECs) and aggregated enzymes (CLEAs) have been reported and exten-
sively reviewed (Cao et al. 2003; Sheldon et al. 2005; Velasco-Lozano et al. 2016;
Yusof and Khanahmadi 2019). Among these methods, CLEA technology has shown
many advantages for large-scale industrial applications. The method is simple and
allows rapid optimization of the insolubilization conditions. CLEA technology pro-
vides a stable and recyclable catalyst with high enzymatic activity retention. Also,
crude enzyme extract can be used to prepare CLEAs, which results in the formation
of a low-cost biocatalyst (Sheldon 2011). CLEAs can be applied to a wide range of
enzymes (including laccases) that can be combined to form combined cross-linked
enzyme aggregates (combi-CLEAs). A detailed description of CLEA technology has
been exhaustively reviewed (Sheldon 2011; Velasco-Lozano et al. 2016; Yusof and
Khanahmadi 2019).

Briefly, CLEAs are obtained from precipitated enzymes forming aggregates that
remain permanently insoluble after covalent binding with a cross-linking agent in a
two-step process (Fig. 1).

The first step in CLEA preparation consists of physical precipitation of the
enzymes. The precipitation occurs by changing the hydration state of the molecules
or by altering the electrostatic constant of the solution (Matijošyte et al. 2010). The
common precipitants involved in laccase aggregation are salts, organic solvents or
non-ionic polymers, such as ammonium sulphate, polyethylene glycol and tert-butyl
alcohol (Matijošyte et al. 2010).

The second step is based on the formation of covalent bindings between the
enzymes’ primary amino groups of lysine and the reactive groups of the cross-linker
(Sheldon 2011). Depending on the enzyme used, different cross-linkers can be used
in CLEA formulation. Due to its availability and low cost, glutaraldehyde, a
bifunctional aldehyde agent, is the most widely used cross-linker in CLEA prepara-
tion (Sheldon 2011). Glutaraldehyde reacts with the amino groups of the enzymes to

Fig. 1 Schematic representation of cross-linked enzyme aggregate preparation
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form an amide bond that links the enzymes together. Other cross-linkers such as
glyoxal, dextran polyaldehyde and the biopolymer chitosan can also be used for
lac-CLEA preparation (Ba et al. 2013).

The two-step procedure in CLEA preparation is simple. However, the combina-
tion of different enzyme properties, as well as the choice of precipitants and cross-
linking agents, can significantly turn this simple procedure into a more complex one
that can result in several permutations. It is essential therefore to determine the cross-
linking condition from the start of the insolubilization process.

3 Determining the Conditions for Laccase Aggregation
and Cross-Linking

The two-step CLEA preparation procedure can affect the catalytic properties of the
enzymes. These properties depend on the precipitating agent and the cross-linker
used, as well as their concentrations. Since the precipitant and cross-linker can affect
the conformation and rigidity of the enzyme which then changes the CLEA reactiv-
ity (Matijošyte et al. 2010), they must be carefully chosen. This choice depends on
the biochemical properties of the enzymes. So, the best conditions must be defined
experimentally and optimized to determine the concentrations needed for the
enzymes’ insolubilization. The optimum ratio of cross-linkers and enzymes is crucial
to determine, especially when using an undefined crude enzyme preparation (Cabana
et al. 2007b; Matijošyte et al. 2010). Generally, a low concentration of cross-linking
agent is known to create insufficient bonds with the enzyme, while at a high
concentration, it can increase the enzyme rigidity and prevent the substrate from
reaching the active site resulting in lower apparent enzyme activity (Cabana et al.
2007b).

To reduce these adverse effects on the catalytic properties of lac-CLEAs, it is
crucial to optimize the formulation conditions. Mathematical models using experi-
mental designs are helpful in process optimization. However, these empirical models
do not allow for an in-depth characterization of the insolubilized enzymes. Other
alternatives exist, such as the addition of polymers containing primary amino groups
during the precipitation step to avoid excessive cross-linking of the enzyme. Bovine
serum albumin (BSA) is mostly used as a source of protein and amino groups during
lac-CLEA preparation. This technology can help increase the stability of the
immobilized enzyme (Cabana et al. 2007b).

Optimization helps to reduce the use of the reagents and their undesirable effects
on lac-CLEA properties and can also help to reduce the cost of the resulting
insolubilized biocatalyst by reducing the reagent quantities to the minimum neces-
sary, avoiding waste. During the optimization process, it is important to determine an
equilibrium between the stability and apparent activity of the resulting lac-CLEAs,
not to favour one parameter more than the others (Arsenault et al. 2011).
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In some cases, laccase insolubilization might lead to a partial or complete loss of
laccase activity because the reagents used during lac-CLEA preparation might
interfere with the active site of the enzyme. Although glutaraldehyde remains an
inexpensive and widely used cross-linker in laccase insolubilization, it is well-
known that it can contribute to enzyme inactivation during CLEA preparation.
Glutaraldehyde can modify the active site residues of the enzyme. So, it is crucial
to find solutions to prevent the cross-linker from entering the active site or inducing
extreme conformational changes. Mild insolubilization conditions must be
employed, or the reagents must be replaced, to prevent such problems.

Only a few studies report perspectives about the investigation of new cross-
linking agents in lac-CLEA formulation for a sustainable biocatalyst preparation.
A dextran-based cross-linker has been developed and successfully applied in CLEA
preparation from several enzymes (penicillin G acylase, hydroxynitrile lyase, alco-
hol dehydrogenase and two different nitrilases) (Mateo et al. 2004). The dextran
molecules are too large to penetrate the active site of the enzyme, and CLEAs
exhibited a higher enzyme activity. This technique has not been applied in
lac-CLEA preparation yet.

Recently, chitosan was successfully tested as a cross-linking agent for laccase
from C. polyzona insolubilization. The results showed hyperactivation of the lac-
CLEA-based chitosan conjugation formed. This overexpression can come from the
conformational changes in laccase during the conjugation reaction by locking the
enzyme into a more favourable conformation (Arsenault et al. 2011; Cabana et al.
2011).

Most of the studies about lac-CLEAs have focused on characterization and batch
experiment applications (Table 1). The shape and size of the CLEA particles are
essential characteristics of a direct effect on the biocatalyst catalytic properties and
recyclability. The structural organization of CLEAs is influenced by the cross-
linking time. Generally, the particle size of CLEAs varies between 0.1 and 200 μm
(Velasco-Lozano et al. 2016). Although CLEA structure is known to significantly
influence the effectiveness of the insolubilized biocatalyst, this parameter is not
often evaluated, and information on the lac-CLEA structure is still missing (Tables 1
and 2).

4 Lac-CLEAs in Bioremediation: Promises, Efficiency
and Drawbacks

In addition to being a low-cost process, one of the benefits of bioremediation is that it
results in the generation of less toxic reaction end products compared to chemical
treatment processes (Varga et al. 2019). A significant number of PPCPs are phenolic
compounds, oxidable by laccases. The oxidation reaction involving laccases leads to
the production of water and free reactive phenoxy radicals. These radicals are likely
to polymerize and precipitate from the reaction solution (Ba et al. 2014a). The
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polymerization implies the inactivation of their biological activity and inhibits their
action on living organisms (Cabana et al. 2007a).

Acetaminophen, a model phenolic pharmaceutical compound, has been fre-
quently employed to study this reaction mechanism in order to propose reaction
pathways involving laccases in the degradation of phenolic PPCPs (Ba et al. 2014a;
Jahangiri et al. 2018). Laccases have low redox potential, which prevents them from
degrading non-phenolic compounds. However, some small molecules can act as an
electron shuffle (laccase-mediator system) and allow the transformation of
non-phenolic compounds. Cross-coupling phenomena between the reactive phenoxy
radicals and the non-phenolic compounds can also contribute to the elimination of
non-phenolic compounds by laccases (Hachi et al. 2017; Apriceno et al. 2019).
These reaction mechanisms expand the range of contaminants that can be oxidized
by laccases, making this biocatalyst a promising tool for bioremediation processes.

Lac-CLEAs have been prepared from a wide variety of laccases in the past
decades and efficiently applied to remove a variety of contaminants (Table 1).
PPCPs have been successfully removed from aqueous solutions in batches and
continuous experiments using lac-CLEAs. A crude enzyme extract from
C. polyzona lac-CLEAs was prepared with glutaraldehyde and applied in a fluidized
bed reactor to treat EDCs. The biocatalyst removed more than 95% of EDCs in
150 min (Cabana et al. 2007b). Later, a new cross-linking method was proposed
using chitosan to prepare lac-CLEAs (Arsenault et al. 2011; Cabana et al. 2011; Ba
et al. 2014a). In a 6-h batch experiment, Cabana et al. (2011) showed that the
chitosan-based lac-CLEAs were able to remove 100% of triclosan from an aqueous
solution, while the free laccases were less efficient with a 60% removal rate. The
same CLEA technology was applied in batches and continuous experiments to
remove pharmaceutical compounds from wastewater. Acetaminophen and
mefenamic acid were eliminated from the filtered wastewater in 24 h, and up to
93% of carbamazepine, a more recalcitrant compound, was eliminated after 72 h
(Ba et al. 2014b). Lac-CLEAs have also been efficiently applied for PPCP elimina-
tion from wastewaters and other biotechnological applications such as dye
decolourization from solutions (Table 1).

The efficiency of the laccase-based treatment process can be improved by
enhancing its selectivity using the combi-CLEA method (Kong et al. 2016).
Combi-CLEAs have the same economic and environmental benefits as CLEAs,
with the difference that combi-CLEAs can target a greater variety of substrates,
specific to each co-immobilized enzyme (Table 1). However, it is crucial to rigor-
ously optimize the insolubilization conditions to respect the specificity of each
enzyme. Laccases were successfully co-immobilized with two other oxidative
enzymes, namely, versatile peroxidase and glucose oxidase (Touahar et al. 2014).
This combi-CLEA contributes to degrading a plethora of pharmaceutical compounds
in laboratory conditions in solution and removes 25% of detected acetaminophen in
real municipal wastewater in a batch experiment. Ba et al. (2014a) tested the
efficiency of a combi-CLEA of laccase and tyrosinase for the transformation of
acetaminophen in wastewaters. In batch mode, the combi-CLEA transformed from
80 to 100% of acetaminophen from the municipal wastewater and more than 90%
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from a hospital wastewater. Mass spectrometry detection of acetaminophen trans-
formation products showed the formation of its oligomers as dimers, trimers and
tetramers due to the laccase and 3-hydroxyacetaminophen due to the tyrosinase.

Lac-CLEAs are efficient in eliminating PPCPs from aqueous solutions and have
many advantages for bioremediation applications (Table 1). However, the lack of a
biocatalyst production cost estimate as well as the lack of understanding of the
heterogeneous catalytic reaction mechanism and the need for the development of
suitable reactors are some drawbacks for a large-scale application of lac-CLEAs.

Laccase insolubilization has a significant influence on the catalytic properties of
the biocatalyst. Contrary to free laccases, lac-CLEAs are heterogeneous. The reac-
tion occurs where the laccases are located (on the surface or within the insoluble
structure of the CLEAs), while the substrates (contaminants) and the reaction
products are dissolved in the reaction solution (Alshabib and Onaizi 2019). The
catalytic parameters of free and insolubilized laccases are generally measured by
determination of Michaelis-Menten kinetic constants with 2,20-azino-bis
(3-éthylbenzothiazoline-6-sulphonique) (ABTS) as substrate (Table 1).
Syringaldazine is another model substrate used for laccase activity assay (Leonowicz
and Grzywnowicz 1981). The assays using these model substrates are simple,
accurate and reproducible. However, for an efficient characterization of the biocat-
alyst, none of them reflect the laccase activity appropriately compared to a real
substrate (e.g. the targeted PPCPs). The choice of a more effective method and
substrate for laccase activity assay could help to better understand how the biocat-
alyst reacts to the target contaminants.

In the case of oxidase catalysts, the activity can be assessed by monitoring the
change in pressure in the reaction system (Klis et al. 2007). Recently, this method
was developed by Demarche (2014), to measure laccase activity, and provides an
alternative to the commonly used spectrophotometric assays. However, the necessity
to use high substrate concentrations with high molar extinction coefficient, and the
use of a substrate with interfering biocatalytic products in the target UV-vis spec-
trum, are some of the limitations to the method (Demarche 2014). Another promis-
ing alternative consists of assessing the enzyme kinetics using mass spectrometry
combined with liquid chromatography (HPLC-MS). The latest method developed
using this technique provided an accurate kinetic parameter measurement of laccases
from T. versicolor andG. lucidum. Natural phenolic compounds (p-coumaric, ferulic
and sinapic acid, and a lignin model OH-dilignol) were employed as substrates for
laccase kinetic determination by HPLC-MS. The new method has been reported to
be highly suitable and accurate for assaying laccase activity. This method also has
the advantage of concomitantly examining laccase oxidation product profiles (Perna
et al. 2018). These examples are some interesting ways that must be explored more
in order to better characterize lac-CLEAs.

In addition to the importance of choosing the best method for measuring laccase
activity, it is also important to take into consideration that the kinetic properties of
the insolubilized lac-CLEAs are influenced by their structure (shape and size), which
can induce mass-transfer limitation phenomena. Most of the time, these diffusion
phenomena are mingled with the enzyme inhibition caused by the insolubilization
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process, as discussed in the previous section. The lac-CLEA activity reported in the
literature reflects the apparent activity. The intrinsic activity can be approximatively
obtained by increasing the substrate diffusion through the heterogeneous structure,
by promoting nano-sized aggregates. CLEA structure and size can be tuned during
the insolubilization process to overcome this problem. The stirring speed and time
during the biocatalyst washing steps can be optimized to avoid CLEA aggregation to
form “clusters” (CLEAs size >1 μm). Aggregates can also be formed during the
CLEA recuperation by centrifugation or filtration. The aggregation increases the size
of the CLEAs and then increases mass-transfer limitations (Velasco-Lozano et al.
2016).

One strategy consisting of the use of a magnetic field to facilitate CLEA recovery
has been developed and proposed as an alternative to avoid the drawback of
aggregation caused by centrifugation or filtration. Kumar et al. (2014) successfully
immobilized laccase to form a stable and rigid structure of magnetic CLEAs
(M-CLEAs). The catalytic efficiency of laccase was significantly improved, and
the M-CLEAs were effectively applied in batch and continuous experiments of dye
degradation in solution. The results showed more than 60% and 90% decolorization,
respectively. More recently, Arca-Ramos et al. (2016) also demonstrated the cata-
lytic potential of M-CLEAs to transform various phenolic and non-phenolic phar-
maceutical active compounds present in solution. The developed biocatalyst showed
good operational stability after ten successive batch reactions, maintaining up to
70% of the initial activity. These results showed that M-CLEA technology provides
a remarkable means to efficiently recover and maintain the catalytic properties of
lac-CLEAs.

Nguyen et al. (2017) developed a novel strategy consisting of a multifluidic
reactor carrying two coaxial laminar flows to create hollow cross-linked aggregates
of laccases (h-CLEAs), by using acetonitrile and an aqueous solution. This method
creates uniform h-CLEA sizes (220 nm) and highly stabilizes the laccase. The
h-CLEAs were able to degrade trypan blue dye molecules under an alkaline condi-
tion in a batch and continuous membrane treatment.

In addition to all these newly developed technologies to enhance lac-CLEA
catalytic properties, a simple method consisting of co-precipitation of the enzyme
with starch, followed by the cross-linking and removal of the starch by α-amylase to
form porous CLEAs (p-CLEAs), was proposed. This method helps to decrease
mass-transfer limitations (Wang et al. 2011). A p-CLEA of laccase was successively
prepared using a three-partitioning method. The resulting p-CLEA exhibited
improved storage stability. The porous biocatalyst was successfully recycled
15 times (Kumar et al. 2012).

All these preparation methods succeed in improving lac-CLEA non-catalytic
(shape, size) and catalytic (activity, recyclability) properties for bioremediation
(Table 2). Furthermore, to obtain a robust biocatalyst for waste stream bioremedia-
tion, lac-CLEAs must be highly stable.
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5 Enhancement of Lac-CLEA Stability for Bioremediation
Applications

CLEA technology improved the stability of laccases regarding denaturing conditions
such as pH and temperature variation, as well as the presence of salts and organic
solvents (Table 2). The effectiveness of lac-CLEAs for PPCP elimination from
aqueous solutions has been widely proved. However, large-scale applications do
not exist yet. One of the reasons is that efforts are still needed to improve lac-CLEA
stability. A robust biocatalyst is necessary for the long continuous operation process
in denaturing conditions like the conditions found in wastewater.

Besides the methods previously presented, new strategies focused on the stabili-
zation of lac-CLEAs have been developed. CLEAs are compatible with some
existing technologies such as encapsulation, silica coating or polymer-engineered
structure techniques that could provide resistance to operational stress factors (Cui
and Jia 2015).

Hence, the well-known and easy method of immobilization of enzymes by
entrapment in a solid polymeric matrix is suitable for CLEA stabilization and easy
recovery. A crude laccase extract from T. pubescens was cross-linked with glutar-
aldehyde before entrapment into Ca-alginate beads (Lassouane et al. 2019). The
resulting entrapped lac-CLEAs contributed to increasing the immobilization yield by
30% and reducing the catalyst leakage from the beads by sevenfold compared to
entrapped free laccases. The entrapped lac-CLEAs were able to remove 99% of
bisphenol A from an aqueous solution in batch experiments. The efficiency of the
biocatalyst remained high (70%) after ten successive batch treatment cycles.

Another strategy, recently developed for lac-CLEA stability enhancement, con-
sists of the formation of a polymeric network to stabilize the insolubilized biocata-
lyst. The resulting biocatalysts were named EPES-lac and EPES-CLEAs for enzyme
polymer-engineered structure using free laccase and lac-CLEAs (Hassani et al.
2013), respectively. This strategy was developed based on the sustainable method
of lac-CLEA formulation using the biocompatible cross-linking agent chitosan
which was successively developed and optimized by Cabana et al. (2011) and
Arsenault et al. (2011). The resulting EPESs were made from a commercial laccase
from T. versicolor. The enzyme was surrounded by a polymeric network made of
chitosan and 3-aminopropyltriethoxysilane (APTES). This stabilization method
contributed to improving the thermoresistance of EPES-lac and EPES-CLEAs
30 times more than free laccases and lac-CLEAs. The stabilized biocatalyst also
showed higher resistance than the free laccase and lac-CLEAs to denaturing condi-
tions involving salts and organic solvents. However, the effectiveness of EPESs to
treat contaminants in solutions has not been studied yet.

It is also interesting to consider the structure of the EPESs. The scanning
microscopy of EPES-lac and EPES-CLEAs revealed a spherical shape for EPES-
lac with an average size of 100 μm, while the EPES-CLEAs showed an amorphous
shape, which is consistent with the previous works about lac-CLEAs prepared with
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chitosan (Arsenault et al. 2011; Cabana et al. 2011). These results showed that the
formulation conditions influence the structure of the EPESs.

The described approach for lac-CLEA stabilization ensured a robust and easily
recoverable catalyst, with excellent potential for bioremediation processes. How-
ever, as is well-known, the final goal of immobilizing enzyme is to apply the
recyclable biocatalyst for operations involving reactors. Further studies are needed
to understand the behaviour, particularly the mass-transfer limitations induced by the
stabilization methods and resistance of lac-CLEAs, in a continuous reactor
operation.

6 Continuous Reactors Designed for Lac-CLEA-Based
Bioremediation

For economic and technical reasons, enzyme-based processes require reuse of the
biocatalyst in long-time continuous operations. Different reactor configurations
ranging from stirred tank to column-type reactors can be applied to enzyme reaction
processes either in sequential batch operation or continuously. In batch mode
operation, the biocatalyst is recovered after each batch process by centrifugation or
filtration. If combined with a membrane filtration system, the biocatalyst can be
directly recycled back to the batch reactor for a continuous operation. Despite this
wide choice, there are very few studies on the continuous applications of lac-CLEAs.
The trend in lac-CLEA-based technology focused on the development and stabili-
zation of the biocatalysts (Table 2). These developments must ensure a high catalytic
and operational stability to lac-CLEAs for an efficient continuous application.
Nevertheless, few attempts to apply lac-CLEAs in continuous reactors have been
proposed.

A perfusion basket reactor (PBR) was developed by Cabana et al. (2008) for the
continuous operation of lac-CLEAs. The PBR consisted of an unbaffled basket made
of a metallic filtration compartment filled with the biocatalyst and the reaction
solution, which were continuously agitated (Fig. 2). The continuous elimination of
some EDCs (nonylphenol, bisphenol A and triclosan) was monitored at an initial
concentration of 5 mg/L for each EDC. The results showed that most of the EDCs
were removed from the solution (>85% removal) with a hydraulic retention time of
325 min. The performance of the PBR was stable over a week of continuous running
(Cabana et al. 2008).

Another reactor system was proposed for the continuous application of
lac-CLEAs. The developed hybrid bioreactor (HBR) proposed by Ba et al.
(2014b) consists of a stirred tank reactor containing lac-CLEAs, combined with a
polysulfone hollow fibre microfiltration membrane. The membrane filtration system
confined the lac-CLEAs and recycled them back to the reaction solution (Fig. 3). The
HBR was operated continuously for pharmaceutical compounds (acetaminophen,
mefenamic acid, carbamazepine) removal in aqueous solution at an initial
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concentration of 100 μg/L for each compound. The results showed that the syner-
gistic effects of the biocatalyst and the membrane filtration achieved complete
elimination of acetaminophen and mefenamic acid and over 90% elimination of
carbamazepine from wastewater. In addition, the system efficiently recycled the
lac-CLEAs during the experiment with negligible fouling membrane phenomena
(Ba et al. 2014b). Later, the same HBR system was operated using a combi-CLEA
made of laccase and tyrosinase for a continuous elimination of a mixture of 14 phar-
maceutical compounds from municipal wastewater at an environmentally relevant
concentration of 10 μg/L (Ba et al. 2018). The results showed complete removal of

Feed solution Perfusion basket
reactor (PBR)

Fig. 2 Schematic representation of a continuous perfusion basket reactor system. Adapted from
Cabana H, Jones JP and Agathos SN, Utilization of cross-linked laccase aggregates in a perfusion
basket reactor for the continuous elimination of endocrine-disrupting chemicals, Biotechnol Bioeng
102: 1582–1592 (2009), with permission from John Wiley & Sons. (copyright © 2008 Wiley
Periodicals, Inc.)

Feed solution
Reaction solution

Membrane

Fig. 3 Experimental setup of the hybrid membrane bioreactor. Reprinted from J Hazard Mater,
280, Ba S, Jones JP and Cabana A, Hybrid bioreactor (HBR) of hollow fibre microfilter membrane
and cross-linked laccase aggregates eliminate aromatic pharmaceuticals in wastewaters, 662–670,
copyright © 2014, with permission from Elsevier
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all active compounds after 5 days of operation. After the treatment, the combi-CLEA
retained ~70% of its initial enzymatic activity.

These two examples showed that the continuous operation of lac-CLEAs in
reactors is possible. However, the lack of a suitable design restricts the large-scale
applications of lac-CLEAs. From these first attempts, it was shown that further
investigation is needed to characterize the reactor design in depth and evaluate
both parameters (catalytic and operational) for lac-CLEA applications in wastewater
bioremediation.

The reactor design must be carefully chosen while taking into consideration the
properties of the insolubilized biocatalyst. When applied to large-scale processes,
lac-CLEAs will have low volumetric productivity which is influenced by the process
volumetric flow. So, we believe that for real application of lac-CLEAs in continuous
mode, favoured approaches, which are more compatible with potential streamflow,
such as the one proposed by Ba et al. (2018), will be appropriate. Another consid-
eration when designing a suitable reactor for lac-CLEAs application is to understand
and develop strategies to deal with the gradual decrease in enzyme activity during
the operation processes (Tufvesson et al. 2010).

All in all, the developed continuous reactors should be simple to implement for
large-scale application purposes, adapted to current wastewater treatment plants and
be economically sustainable (Illanes et al. 2008).

7 Conclusions

Laccases are oxidoreductases, which show excellent potential for the elimination of
emerging contaminants from municipal, industrial and hospital wastewaters. This
potential has led to a focus on laccase immobilization and insolubilization tech-
niques in recent decades. The insolubilization method using CLEA technology has
been shown to apply to a wide range of enzymes, turning it into a useful tool for
bioremediation processes.

The simplicity of preparation, lower production costs from crude laccase extract
and the possibility of combining laccases with other enzymes are some of the
advantages of CLEAs. Also, laccases only need oxygen to oxidize substrates,
which is another significant economic advantage for large-scale bioremediation.

Recently, lac-CLEA technology has been improved with some strategies, such as
a combination of formulation methods (e.g. physical entrapment of CLEAs) and the
formation of polymer-engineered structures. The developed strategies help to
enhance the stability of lac-CLEAs and increase their applicability for wastewater
bioremediation.

As the impact of PPCPs in the environment and the health risks associated with
wastewater reuse are still not well-established, the growing interest in developing
lac-CLEAs for wastewater bioremediation purposes gives hope for the refinement of
current wastewater treatment. Lac-CLEAs may contribute to reducing the
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environmental risks associated with some PPCPs, which could help to ease and
diversify wastewater reuse.

At this time, efforts are still needed to understand the phenomenon governing the
behaviour and performance of lac-CLEA technology. In addition, to overcome the
current limitations related to lac-CLEA operations in continuous processes, more
scaling-up experiments and applications in real conditions are needed. The choice of
lac-CLEA technology for bioremediation of PPCPs from wastewater of other indus-
trial biotechnological applications can be accelerated by the economic viability
assessment of the biocatalyst production. To the best of our knowledge, no cost
estimation of insolubilized lac-CLEA production has been published. Information
on the profitability of lac-CLEA production could help industries and decision-
makers analyse the feasibility of these sustainable technologies in bioremediation
processes. Also, the lack of a suitable reactor design for the continuous application of
insolubilized laccases also limits the lac-CLEA application in large-scale processes.
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Abstract This chapter focuses on state-of-the-art analytical modalities with refer-
ence to laccase-assisted cues to detect, quantify, and redefine “removal” of emerging
contaminants (ECs) of high concern. The controlled or uncontrolled discharge and
long-term persistence of ECs such as micro-pollutants, endocrine disruptors (EDs),
pharmaceuticals, hormones, and toxins all pose environmental threats and consid-
erable risks to human health and aquatic life, alike. Thus, there is a dire need to
engineer new tools and adopt strategic measures since the conventional wastewater
treatment technologies are proved ineffective to detect or remove ECs. The current
boom in biotechnology and environmental engineering offers opportunities to engi-
neer biosensing and biocatalytic prototypes, for various applications, to yield requi-
site measurements to meet specific requirements. Such prototypes can further help in
real-time and in situ monitoring of environmental pollutants. Besides that, on-site
monitoring can also reduce the excessive consumption of potentially hazardous
chemicals and harsh reagents prior to release into the environment. Thus, the current
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advancement in designing and developing biosensing prototypes and biocatalytic
cues have gained high research interest and inevitably focused on enzymes. Laccase-
assisted sensing prototypes and biocatalytic cues have gained attention and can be an
excellent fit for monitoring, quantification, and removal of ECs. This chapter extend
the current knowledge on new modalities to detect, quantify, and treat the samples
efficiently. Useful information is also given on laccase-assisted sensors, immobilized
laccase-based cues, and their role in the pollution detection and redefining “removal”
processes. In-depth understanding of critical emergencies and their needful alterna-
tives to preserve the inherent physicochemical, structural, and functional features of
the engineered sensing cues is essential for success.

1 Introduction: Problem Statement and Opportunities

Around the globe, environmental pollution concern has been intensified in the past
several years. This is mainly because of the controlled or uncontrolled release/
disposal of various types of hazardous elements/compounds into all key spheres,
including the atmosphere, hydrosphere, biosphere, lithosphere, and anthroposphere,
for instance, the release of toxic heavy elements, toxic greenhouse gases, hazardous
contaminants from the various industrial sectors, persistence of synthetic dyes and
dye-based wastewater effluents, and emerging contaminants (ECs) of high concern
such as endocrine disruptors (EDs), pharmaceuticals, hormones, and toxins, all
posturing serious threats to the environment (Gavrilescu 2010; Bilal et al. 2017;
Barrios-Estrada et al. 2018a; Rasheed et al. 2018a, b; Bilal and Iqbal 2019a; Bilal
et al. 2019a; Rasheed et al. 2019c, b). The term ECs has been broadly defined as
“contaminants of emerging concerns which have appeared in the environmental
matrices recently either due to anthropogenic inputs, i.e., human-made activities, or
re-emergence from the contaminants which have been persistent in the environment
for a long time.” Owing to this rising issue of environmental pollution, people are
now more concern about their living ecosystem. Thus, there is a huge demand for
legislative authorities to make environmental friendlier policies and pollutant han-
dling regulations to tackle environmental insecurity effectively.

ECs of high concern are a vast and expanding array of anthropogenic compounds
that include synthetic chemicals used in various industrial practices, around the
globe (Hernandez-Vargas et al. 2018; Rasheed et al. 2019a). Most of such ECs are
commonly present in water, but only recently has been identified as significant water
pollutants (Gomes et al. 2018). These contaminants contain a variety of extensively
used synthetic compounds that are indispensable in modern society around the
globe. It is estimated that the worldwide production of these contaminants has
been increased from 1 million to 500 million tons per year (Thomaidis et al.
2012). However, these naturally or synthetically occurring substances (i.e., ECs)
have been associated with exerting known or suspected adverse consequences on
human’s health and the environment (Fig. 1) (Rasheed et al. 2019a). Life-cycle
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distribution of emerging (micro)-pollutants from sources to receptors viewpoint is
shown in Fig. 2 (Rasheed et al. 2019a).

In this context, both the European Commission (EC) and the United States
Environmental Protection Agency (USEPA) have developed lists and classifications
of pollutants of emerging concern, regardless of source and type, as discussed above
with suitable examples including EDs (EPA 1979; USEPA). However, there are
different classifications of these contaminants based on their usage, origin, and
effects, for instance, (1) pesticides, (2) nanomaterials, (3) phthalates, (4) additives
to plastics, (5) non-halogenated compounds, (6) personal care products, (7) fluori-
nated compounds, (8) chlorinated paraffin (flame retardants, sealants, plastic addi-
tives), (9) synthetic musks, (10) brominated compounds, (11) phytoestrogens, and
(12) pharmaceuticals (Barrios-Estrada et al. 2018b; Bilal and Iqbal 2019a).

Most common methods include spectrophotometric and chromatography tech-
niques to detect and determine these pollutants. However, to identify and quantify
with high accuracy over a broad variety of pollutants at the trace level (Marco and
Barcelo 1996) remains challenging. Recent researches in monitoring techniques are
mainly focused on bioanalytical tools, such as biosensors, which offer advantages

Fig. 1 Major consequences and adverse effects of ECs of high concern on human’s health and the
environment. Reprinted from Environment International, 122, Rasheed T, Bilal M, Nabeel F, Adeel
M & Iqbal HM, Environmentally-related contaminants of high concern: potential sources and
analytical modalities for detection, quantification, and treatment, 52–66, copyright © 2018, with
permission from Elsevier
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over classical analytical techniques in terms of selectivity, sensitivity, short assay
times, and reduced cost of analysis (Marco and Barcelo 1996). The development and
exploitation of enzyme-based biosensing and biocatalytic prototypes has increased
in current research activities due to specific and peculiar properties of proteins such
as laccase. Enzymes are versatile, efficient, and specific catalysts acting behind all
chemical reactions occurring under mild conditions (Cajthaml et al. 2009). Many
biosensor research papers have reported previously the detection of phenolic com-
pounds based on several types of enzymes such as tyrosinase (Jaafar et al. 2005;
Abdullah et al. 2006a) and horseradish peroxidase (Abdullah et al. 2006b).

Fig. 2 Life-cycle distribution of emerging (micro)-pollutants from sources to receptors viewpoint.
Potential EC sources and pathways of ground and surface water pollution. Reprinted from Envi-
ronment International, 122, Rasheed T, Bilal M, Nabeel F, Adeel M & Iqbal HM, Environmentally-
related contaminants of high concern: potential sources and analytical modalities for detection,
quantification, and treatment, 52–66, copyright © 2018, with permission from Elsevier
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Nevertheless, both present some disadvantages, tyrosinase suffer low stability and
significant inhibition by reaction products and horseradish peroxidase needs the
presence of hydrogen peroxide to complete its catalytic function (Freire et al.
2002). On the other hand, laccase appears as a strong candidate for biosensing and
biocatalytic applications providing some specific advantages over other enzymes,
like their ability to catalyze electron transfer reactions without additional cofactors
and to oxidize phenols and o-, m-, and p-benzenediol compounds in the presence of
molecular oxygen with good stability (Munteanu et al. 1998; Baldrian 2006).

Herein, this chapter gives a comprehensive description on ECs and their impact
on the environment and human health, especially, those are very soluble in water. In
addition, an effort has been made to compile salient information to extend the current
knowledge on novel modalities to detect, quantify, and treat ECs efficiently. Risk
assessment, detection, prevention, and regulatory perspectives are discussed in the
first half. In the second half of the work, useful information is also given on laccase-
assisted sensing cues, immobilized laccase-based biocatalytic cues, and their role in
the pollution detection and redefining “removal” processes. Toward the end, poten-
tial research gaps, future perspectives, and recommendations are given that can help
the future studies to present novel potentialities of laccase-assisted biosensing and
biocatalytic cues for their proper implementation against a broader spectrum of ECs
of high concern.

2 Emerging Contaminants (ECs): A Threatening Concern

ECs are present in the environment, though in pristine and mix forms (which are
even more complicated to tackle using a single strategy), and they act synergistically,
making it hard to predict their effects on aquatic organisms and human health.
Therefore, the relationship between exposure to ECs and health cannot be modeled
linearly. EDCs have been associated with disorders such as breast and prostate
cancer, malformations in the reproductive tract, cognitive deficiencies, reduced
sperm count, obesity, type II diabetes, cardiovascular disease, early puberty, and
thyroid disorders (Barrios-Estrada et al. 2018a). Interference of EDCs with the
biosynthesis, transportation, metabolism, and exclusion of hormones is thought to
be the underlying mechanism of endocrine disruption reducing the level of natural
hormones (Mnif et al. 2007; Hashim et al. 2018). Bisphenol A (BPA) has been
associated with diabetes, cancer, obesity, and reproductive, renal respiratory, thy-
roid, developmental immunotoxicity, and autoimmune diseases (Bilal et al. 2018c).
BPA binds to estrogen and thyroid receptors, affecting estrogen-sensitive genes and
possibly influencing immune cell populations. BPA has shown effects on brain
development in rats, and prairie vole Tributyltin compounds promote the develop-
ment of marine organisms’ genitalia (DeWitt and Patisaul 2018). Studies on
zebrafish have revealed that the fungicide, imazilil, decreases zebrafish microbiota
and affects their hepatic metabolism; zebrafish gather few layers graphene in their
gut. Triclosan (TCS) affected the fatty acid synthesis and decreased zebrafish
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microbiota; and bisphenol A prompted male feminization (Evariste et al. 2019).
Benzophenones, the active ingredient in sunscreens, and present in other cosmetics
and hygiene products, have shown to alter estrogenic, androgenic, progesterone, and
thyroid hormone reception functions in several in vitro and in vivo assays.
Glyphosates can harm the liver, kidney, and embryological development.
Polyhalogenated aromatic hydrocarbons have immunotoxic effects and lead to
increased susceptibility to infections such as otitis media (DeWitt and Patisaul
2018; Pontelli et al. 2019).

Formaldehyde and paraformaldehyde and 1,4-dioxane (C4H8O2, dioxane) are
commonly found in PCPs, such as shampoo, toothpaste, and mouthwash (Juhász
and Marmur 2014). All are potentially known for various types of human health-
related vulnerabilities. For instance, the ingestion/consumption of 1,4-dioxane at
levels beyond animal’s threshold mechanisms can act as a potent carcinogen to cause
breast cancer, skin cancer, and liver cancer (Juhász and Marmur 2014). Figure 3
illustrates a schematic representation of potential transmission routes, presence, and
human health-related vulnerabilities of 1,4-dioxane (Bilal and Iqbal 2019a).
1,4-Dioxane increases the foaming capabilities of related products; however, it is
not a listed component in cosmetic products. 1,4-Dioxane is a by-product contam-
inant from the manufacturing ethoxylation step, forming other ingredients such as
polyethylene, polyethylene glycol, and polyoxyethylene (FDA 2019). Formalde-
hyde and paraformaldehyde containing/releasing compounds are another important
class of broadly employed preservatives in cosmeceuticals and PCPs such as liquid
soaps, shampoos, and shower creams/lotions (Lv et al. 2015; Halla et al. 2018).

3 Risk Assessment, Detection, Prevention, and Regulation

Research over localization and measurement of ECs of high concern is increasing in
order to assess the risk of such ECs and possibly speed up the policy decision-
making regulations (Naidu et al. 2016). So far, an array of methods has been
developed and implemented to access the risk assessment of ECs. Among them, a
method widely used to assess risks caused by ECs is the calculation of a hazard
quotient (HQ). The HQ consists of dividing the estimated concentration of exposure
by a toxicity reference value, mainly the threshold at which a chronic risk begins;
most times the no-observed-effect concentration (NOEC) or concentration of con-
cern (COC) is used. Potential risks are obtained when the predicted or measured
concentration of exposure is higher than the NOEC or COC. If HQ is higher than
one, then the level of certainty with which the evaluation was done is further
assessed to confirm that there is a possibility of adverse effects. Furthermore, to
understand the risk stochastically, probabilistic risk assessments are used where
models of the probabilities of reaching an exposure beyond the accepted parameter
are used and with enough data can lead to calculations of risk particular to a species
(Woodburn et al. 2018).
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Priority ECs are monitored and managed worldwide. The USA has programs
funded by USGS, NOAA, USEPA, and the Department of Defense, while the
European Union has its corresponding projects (Lapworth et al. 2012). The US
Food and Drug Administration demands ecological testing of drug proposals in case
it would enter the environment in concentrations higher than 1 ppb. The US
Environmental Protection Agency (USEPA) created a Contaminant Candidate List
that would be updated every 5 years in order to regulate the compounds’ effects on
human health and possible endocrine activity in addition to numerous other
parameters.

Considering the above-discussed regulatory measures, effective recognition and
assessment of ECs have turned into a key scientific task. However, this demands
highly sensitive analytical techniques to detect ECs at nanograms per liter (ng/L)
scales (Thomaidis et al. 2012). Therefore, the development of highly reliable,

Fig. 3 The chemical structure, potential transmission routes, presence, and human health-related
vulnerabilities of 1,4-dioxane. Reprinted from Science of The Total Environment, 670, Bilal M &
Iqbal HM, An insight into toxicity and human-health-related adverse consequences of
cosmeceuticals—A review, 555–568, copyright © 2019, with permission from Elsevier
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efficient, sensitive, fast, and responsive analytical tools for precise monitoring and
determination of widespread ECs is utmost important (Agüera et al. 2013). So far, a
wide array of analytical tools has been developed and used to detect ECs in various
water bodies. Most of the earlier developed techniques include but are not limited to
the gas or liquid chromatography coupled with mass spectroscopy. As compared to
the simple chromatographic approaches, chromatography coupled mass
spectroscopy-based tools have shown more reliability and precision in their detec-
tion process. This is mainly because of their high sensitivity, specificity, and
selectivity (Agüera et al. 2013), to detect ECs present in complex matrix samples
of wastewater or surface water. However, further advanced techniques, e.g., ion trap
and triple quadrupole, are even efficient to detect ECs at ng/L scale. In addition,
triple quadrupole, linear ion traps quadrupole, quadrupole-time of flight, triple
quadrupole, and quadrupole-linear ion trap have been used for structural interpreta-
tion of transformed products (Nikolaou 2013). Though the above-reported analytical
tools have achieved significant improvements, however, there is a need for more
sensitive recognition and detection of unknown compounds or a mixture of
several ECs.

4 State-of-the-Art Laccase-Assisted Biosensing Cues

Aiming to meet current industrial catalysts requirements, laccases regardless of
source and types are of supreme interests to engineer robust, recyclable, or hetero-
geneous catalysts. Moreover, enzyme-based catalysis cues are considered potential
substitutes to chemical-based catalysis. This is because the use of enzyme-based
catalysis offers various catalytically requisite features such as catalytic efficiency,
high specificity, selectivity, stability, and mild reaction conditions (Bilal et al. 2017;
Zdarta et al. 2018; Bilal and Iqbal 2019b, c). Despite such enormous potentialities,
laccases in free forms suffer from some limitations that in turn hinders their
industrial exploitability. For instance, free enzyme forms have drawbacks such as
low stability under different reaction processes, inhibition, and non-reusability,
among others. However, with current biotechnological advancements at large and
in protein engineering in particular, catalytic properties that include high catalytic
yield, high stability extreme pH and elevated temperatures environment, overall
reusability/recyclability, and prolonged shelf-life of enzymes can be improved via
enzyme modification and tailoring techniques such as immobilization, genetic engi-
neering approaches, and directed evolution technology (Bilal et al. 2018a; Bilal and
Iqbal 2019b; Bilal et al. 2019c). Among various enzyme immobilization approaches,
covalent attachment to a support material offers numerous benefits such as enzyme
fixation via chemical linkage, minimum leaching, and negligible product contami-
nation issues (Urrutia et al. 2018; Bilal and Iqbal 2019b). Additionally, multipoint
covalent immobilization between the support and enzyme also deliver high stabili-
zation properties (Bilal et al. 2019c). Furthermore, the covalent coupling to a solid
carrier allows an increase in its resilience against extreme pH or thermal inactivation,
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although the immobilization may lead to a significant activity loss of the original
enzyme (Durán et al. 2002; Bilal et al. 2017). Enzyme modification through different
immobilization strategies is considered as the most effective and straightforward
method in green biotechnology allowing for the reuse of laccase, facile recovery,
longer half-lives, stabilizing enzyme activity and structure, and diminished proteases
activity (Bilal et al. 2018c, b). In addition to catalysis, other useful advantages
related to sensing cues can also be obtained from an efficient protocol of immobi-
lization, such as prolonged use of the sensor and anticipated extended storage and
working stability (Liu et al. 2006; Rodríguez-Delgado et al. 2015). For such pur-
poses, the immobilization support should be inert, stable, and resistant to mechanical
force, also considering shape, distribution, and pore size and expandability. Since
stability, selectivity, and activity of an enzyme are obtained by combining immobi-
lization techniques and the proper selection of the support (Fernández-Fernández
et al. 2013). For example, the method by which an enzyme is immobilized at an
electrode surface is a critical factor to establish an efficient electron transference
between the enzyme and the electrode surface (Chen et al. 2015).

Fig. 4 A simplified schematic representation of various bioreceptors that includes immobilized
enzymes and transducer-based biosensing prototype. Modified from Rodríguez-Delgado et al.
(2015; https://doi.org/10.1016/j.trac.2015.05.008), an open-access article under the CC-BY license
(https://creativecommons.org/licenses/by/4.0/). Copyright © 2015 The Authors. Published by
Elsevier
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Figure 4 illustrates a simplified schematic representation of various bioreceptors
that includes immobilized enzymes and transducer-based biosensing prototype
(Rodríguez-Delgado et al. 2015). From the historical perspectives, enzymes are the
first molecular recognition elements included in different biosensors. Still then, it
continues to be the basis for a significant number of publications due to their ability
to modify the catalytic properties or substrate specificity by means of genetic
engineering and catalytic amplification by modulation of the enzyme activity with
respect to the target analyte (Rogers 2006). Furthermore, laccase appears as a
potential candidate with specific advantages over other enzymes, such as the ability
to catalyze electron transfer reactions without additional cofactors and oxidize
phenols and o-, m-, and p-benzenediols compounds in the presence of molecular
oxygen and good stability for biosensing applications (Munteanu et al. 1998).
Moreover, other characteristics such as good mechanical and electronic properties
along with notable ability to transfer electrons make laccase a potent candidate to
develop immobilized laccase-based sensing cues. In this context, Fernandes et al.
(2008) constructed a biosensor based on laccase immobilized on microspheres of
chitosan cross-linked with tripolyphosphate by spray drying method. The developed
laccase-based sensor was then used for rutin determination in pharmaceutical for-
mulations, obtaining a bioelectrode with high sensitivity, good reproducibility, low
detection, and rapid response (Fernandes et al. 2008). Likewise, Santhiago and
Vieira (2007) developed a biosensor based on a carbon paste electrode modified
with a fungal laccase from Aspergillus oryzae for the determination of L-cysteine in
pharmaceutical formulations, performed in the presence of hydroquinone (Santhiago
and Vieira 2007). Gupta et al. (2003) used Coriolus hirsutus laccase immobilized
onto the amine-terminated thiol monolayers on the gold electrode to monitoring
catechol (Gupta et al. 2003). Very recently, Kavetskyy et al. (2019) engineered an
amperometric laccase biosensor using enzyme-immobilized gold nanoparticles cou-
pling with ureasil polymer as a host matrix. A novel sensitive laccase biosensor
using gold nanoparticles and poly-L-arginine to detect catechol in natural water is
reported by Maleki et al. (2019). In the same study, the authors have used simple,
green, and fast layer-by-layer modification of the glassy carbon electrode which was
mainly performed by electrodeposition of gold nanoparticles and then
poly-L-arginine, and finally, laccase was covalently bonded to poly-L-arginine
using glutaraldehyde. A detailed literature overview of laccase biosensors in terms
of analytical characteristics, immobilization type, applications, and other requisite
features is provided in Table 1 (Rodríguez-Delgado et al. 2015).

5 Research Gaps and Future Considerations

In spite of current biotechnological advancement in different research sectors
including environmental engineering, biocatalysis, biosensors, and others, many
unsolved questions are posing a big research gap that must be tackled comprehen-
sively. For instance, the unsatisfactory detection procedures, malpractices,
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misconducts, and limitations of in practice technologies greatly affecting the detec-
tion and redefining “removal” fate of heavily increasing ECs of high concern. The
role of low-risk contaminants in the emergence of new hazardous pollutants should
be addressed in future studies. It could be useful to involve the multidisciplinary
scientists, technical cooperation, policymakers, and stakeholders to strengthen the
EC detection, degradation, and efficient removal at the global level.

From the future development perspective, the use of a synergistic approach could
also be a noteworthy solution to define and design impartial tactics to remove and/or
degrade environmentally related emerging (micro)-contaminants of high concern.
Aiming to get a deeper insight, the influential aspects of numerous sensing devices
and removal strategies should be covered in future studies. Another interesting
research avenue in the degradation/removal of ECs is the search for novel materials
and bio-nano-catalysts following green agenda to establish highly effective and
environmentally friendly treatment processes.

6 Concluding Remarks and Outlook

In conclusion, the presence and persistence of environmentally related contaminants
in different mediums is a serious ecological concern worldwide. This serious issue is
progressively rising with rising industrial development, around the globe. Based on
this human-made industrialization and heavy consumption of harsh chemicals dur-
ing various industrially relevant manufacturing processes, the continuous discharge
of toxic compounds with/without partial or insufficient treatments is among a major
a cause of environmental contamination. Such careless practices adversely affect the
both terrestrial and aquatic systems, alike. To tackle this issue more effectively,
many earlier studies and ongoing research efforts have focused on developing new
tools aiming to detect, quantify, degrade, and remove a broader range of contami-
nants from different environments. So far, various strategies have been proposed and
developed including laccase-assisted biosensing and bioremediation. A wide array
of pollutants has been effectively treated and removed using laccase-based systems.
The literature evidenced that EC detection and removal using laccase-based
biosensing and biocatalytic cues are promising measures to treat various contami-
nated matrices. However, owing to any or many reasons, such sensing and catalytic
systems are far behind from their real-time and in situ implementation in current
industrial sector. Despite several available and in practice solutions to operate
bioremediation processes, though using different materials and strategies, numerous
challenges are still pending that needs to be addressed. For instance, much critiques
are being posed on the (re)-emergence of threatening pollutants, distribution profile
of ECs, efficient and “one-pot” detection and degradation fate, and reliable and
consistent on-site monitoring of ECs are still outstanding and need to be addressed in
the future studies. Future studies must be conducted to optimize the laccase-related
parameters for efficient degradation and stringently validated technological solu-
tions. Considering the potent features of laccase, it is equally important to design and
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engineer laccase-based measuring procedures that can precisely detect and redefine
“remove” various contaminants of emerging concern from a broader spectrum.
Moreover, a deeper insight and advanced analytical measures are utmost import to
understand the degradation pathways involved in the ECs removal following effi-
cient detection by laccase-assisted systems.
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Abstract Directed evolution is a powerful strategy to tailor enzymes with improved
attributes. The use of laboratory evolution is becoming more refined, whereby com-
putational and experimental approaches are being combined so that more effective
libraries can be created, producing enzymes with greater biotechnological potential
while notably reducing the demands on screening. This chapter summarizes the most
recent findings from our laboratory to tailor fungal high-redox potential laccases by
bringing together computational approaches with in vitro and in vivo methods for
library creation. We focus on four recent case studies of laccase engineering in which
different computational algorithms were applied at both the gene and protein levels:
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2. SCHEMA-RASPP computation for homologous in vivo recombination to gen-
erate laccase chimeras

3. Computer-guided evolution to enhance the laccase redox potential and the activ-
ity toward high-redox potential mediators

4. Ancestral sequence reconstruction for the directed evolution of a resurrected
basidiomycete laccase toward initiators

1 Introduction

Laccases (benzenediol: oxygen oxidoreductase, EC 1.10.3.2) are versatile multi-
copper enzymes that catalyze the oxidation of a wide array of compounds using
molecular oxygen as final electron acceptor and releasing water as their only
by-product. The catalytic structure of laccases is organized as two centers containing
four copper atoms: one Cu at the T1 site, where the substrate is oxidized, and the
trinuclear Cu cluster containing one T2 and two T3 coppers, where the reduction of
molecular oxygen takes place (Alcalde 2007). Laccases are predominantly found in
plants, bacteria, and fungi, and based on equilibrium potentiometric titrations of the
T1Cu site, they have been classified as low-, medium-, and high-redox potential,
ranging from 370 to 790 mV relative to the NHE—normal hydrogen electrode
(Shleev et al. 2005). Due to the high-redox potential at the T1Cu site and their
minimal catalytic needs, high-redox potential laccases (HRPLs) from basidiomycete
white-rot fungi are particularly relevant in biotechnological contexts, with possible
applications in fields as varied as bioremediation, the development of bioelectronic
devices (biocathodes and biosensors), organic synthesis, the pulp and paper, textile,
and food industries (Mate and Alcalde 2017). Laccases enhance their substrate range
by using redox mediators that behave as diffusible electron shuttles between the
enzyme and their substrates, enabling their oxidation while overcoming steric
hindrance and differences in redox potentials (Morozova et al. 2007). Therefore,
the industrial applicability of laccases may be expanded through the use of the
laccase-mediator system (LMS).

In recent years, the demonstration of the potential of laccases in a range of
biotechnological applications has propelled efforts to engineer laccases, including
attempts to adapt them to strict industrial standards. Both fungal and bacterial
laccases have been subjected to extensive engineering efforts via rational design
and directed evolution (Mate and Alcalde 2015). Considerable research has been
carried out to improve or introduce specific enzymatic features, including functional
heterologous expression (Bulter et al. 2003; Koschorreck et al. 2009; Mate et al.
2010; Camarero et al. 2011); activity on different substrates (Madzak et al. 2005;
Zumarraga et al. 2008; Kataoka et al. 2013; Toscano et al. 2013; Vicente et al. 2016;
Pardo et al. 2016; Santiago et al. 2016); resistance to high temperatures (Mollania
et al. 2011; Scheiblbrandner et al. 2017) or extreme pH (Torres-Salas et al. 2013);
and activity in nonnatural environments like organic solvents (Zumarraga et al.
2007; Rasekh et al. 2014), human blood (Mate et al. 2013), or ionic liquids (Liu
et al. 2013). The majority of these adaptations have been achieved through directed
evolution, the protein engineering strategy pioneered by Prof. Frances H. Arnold and
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for which she was awarded the Nobel Prize in Chemistry 2018. Directed evolution is
indeed an extremely potent strategy to customize enzymes for different purposes,
mimicking the processes of natural evolution in the laboratory. Genetic diversity is
created by random mutagenesis and/or the recombination of parental genes. Once
the mutant libraries are expressed in a suitable host organism, they can be screened to
select for specific biochemical traits, applying a selective pressure that is strictly
controlled by the researcher. This procedure can be repeated as many times as
necessary until the desired properties are attained.

In recent years, combining directed evolution with computational approaches has
accelerated the design of customized molecules. In silico predictions made using
computational tools can guide the exploration of the vast protein sequence space,
significantly easing the experimental burden while opening new avenues in protein
design (Mate and Alcalde 2015; Molina-Espeja et al. 2016). In this chapter, we
describe the tricks we have used in our most recent studies where we have combined
classic and modern computational strategies with directed evolution in order to
engineer HRPLs with novel attributes, from enhancing laccase redox potential
(Mateljak et al. 2019a) or recreating the first resurrected basidiomycete laccase
(Gomez-Fernandez et al. 2020b) to identifying stabilizing ancestral-consensus muta-
tions via consensus design (Gomez-Fernandez et al. 2020a) or generating a family of
laccase chimeras enriched in functional and sequence diversity (Mateljak et al. 2019b).

2 Consensus Design of High-Redox Potential Laccases

Consensus design was first applied by Pantoliano and coworkers (Pantoliano et al.
1989), a theory of the fundamentals of consensus being later drawn up by the group
of Steipe (Steipe et al. 1994). This technique is an empirical approach that infers the
most conserved amino acid for each position from extant, very similar mesophilic
proteins, Fig. 1. To retrieve a consensus sequence from a target protein, the first step
is to generate a multiple sequence alignment (MSA) from homologous proteins
(Edgar 2004; Larkin et al. 2007), ruling out the sequences that are too short or that
lack content relative to the majority of the sequences (Sullivan et al. 2011; Durani
and Magliery 2013). The final number of sequences can be as few as 20, although
more sequences are required to apply some filters (Lehmann et al. 2002; Jackel et al.
2010; Porebski and Buckle 2016). Once a suitable MSA has been obtained, the most
conserved amino acid at each position can be considered the consensus residues,
even though not all have the same degree of conservation. There are a number of
strategies available to discern the most conserved residues and those with biological
significance arising from the bias of databases (Applebaum 1996; Magliery and
Regan 2005; Socolich et al. 2005; Polizzi et al. 2006; Sullivan et al. 2012). Once the
consensus sequence is defined, it can be synthesized, or the most promising con-
served positions can be evaluated by including them as mutations in the target
enzyme (Wang et al. 1999; Polizzi et al. 2006; Dai et al. 2007; Khersonsky et al.
2012; Sullivan et al. 2011).
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Consensus mutations are in many cases stabilizing since they contribute to the
progress of molecular evolution by generating a solid backbone that supports the
introduction of beneficial yet destabilizing mutations (Lehmann and Wyss 2001;
Porebski and Buckle 2016). A good example can be found in the evolution of Kemp
eliminase toward the elimination of nonactivated benzisoxazoles, which was initially
hampered by the poor stability of the enzyme template (Khersonsky et al. 2012). By
inferring some consensus residues and including them in the directed evolution
campaign, highly active variants were disclosed. Accordingly, consensus design is
an appealing method for protein stabilization. In general, 20–40% of the individual
consensus mutations identified have a stabilizing effect (Lehmann et al. 2002;
Komor et al. 2012; Magliery 2015). Enzyme engineers obviously wish to improve
stability without jeopardizing activity, and the consensus approach has the advantage
of overcoming the natural trade-off of activity against stability by inserting stabiliz-
ing consensus mutations that do not necessarily dampen activity (Lehmann et al.
2002; Polizzi et al. 2006; Porebski and Buckle 2016). While there are various
examples of the use of consensus approach to stabilize proteins (Nikolova et al.
1998; Wirtz and Steipe 1999; Wang et al. 2000; Lehmann et al. 2000; Dai et al.
2007; Zahnd et al. 2007; De Groot and Scott 2007; Bershtein and Tawfik 2008;
Paatero et al. 2016), none have focused on laccases.

2.1 OB-1 HRLP Variant: The Starting Point

In the last 3 years, we have used different strategies to explore and improve the
stability of a HRPL evolved in the laboratory for expression in yeasts. This variant,
termed OB-1, is a highly active, soluble, and stable enzyme, the product of eight
rounds of directed evolution (Mate et al. 2010). Indeed, apart from its strong activity
and enhanced expression, the OB-1 variant has notable thermostability with a T50
value of 73 �C (we defined the T50 as the temperature at which the laccase retains
50% of its activity after a 10 min incubation). Attracted by these results, attempts
were made to reproduce and rationalize the effect of the secretion mutations on
stability and folding of our laccase mutant in silico (Christensen and Kepp 2012). To
this end, the FoldX protocol was modified, and as a result, a better predictive method
was developed with an error of 1 �C for the T50 when compared to the standard
FoldX approach that had 3–5 �C accuracy. Encouraged by this data, we wanted to
know whether the stability of this already thermostable laccase variant could be
pushed even further by different approaches. We first applied a strategy to predict
new stabilizing substitutions in OB-1. We scanned flexible loops through a combi-
nation of molecular dynamics and an analysis of the B-factors, pinpointing ~16% of
the protein sequence that could then be explored by random mutagenesis using the
MORPHING approach (Gonzalez-Perez et al. 2014). The final double mutant had a
31 min enhancement in the half-life of thermal inactivation at 70 �C (t1/2), with an
optimum temperature of activity at 75 �C and similar kinetic parameters (Vicente
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et al. 2019). In view of these promising results, we decided to subject OB-1 to
consensus design (Gomez-Fernandez et al. 2020a).

2.2 Consensus Design of the OB-1 Laccase

As there is no perfect method to obtain MSAs, we built three different MSAs,
constructing MSA1 and MSA2 with 250 and 1000 sequences from the NCBI
database, respectively (Coordinators 2018), and MSA3 with 500 laccase and
multicopper oxidase engineering database (LccED) sequences (Sirim et al. 2011).
We aligned the three groups of sequences using MUSCLE (available at https://www.
ebi.ac.uk/Tools/msa/muscle/), and we then analyzed the resulting MSAs in excel
files, following an earlier protocol with minor modifications (Durani and Magliery
2013). In order to obtain a reliable consensus sequence, we calculated the relative
entropy (RE) for all possible amino acids at each position (Magliery and Regan
2005; Sullivan et al. 2012). The RE is directly related to the degree of conservation
of an amino acid at a position, and it requires a reference distribution. We employed
the codon usage of the yeast proteome as the reference distribution (Durani and
Magliery 2013), which enhanced the statistical significance. We selected those
positions with a RE above the average in the three MSAs, and once these positions
had been filtered, we calculated their mutual information (MI). This parameter
provides information as to how often two amino acids at different positions are
matched in various sequences, revealing a possible interaction between the two
(Cronbach 1955; Applebaum 1996). Therefore, a high MI at certain positions
means that upon changing a given amino acid, there is a risk of disrupting interac-
tions with other amino acids in the protein. We selected positions with a MI � 0.6
discarding entries with RE > 2.4 (i.e. nearly invariant). By applying these filters, we
identified 20 mutations, 18 of which were considered ancestral consensus mutations,
as determined by inferring the ancestral node of all basidiomycete laccases (see Sect.
5).

We introduced each of the 20 consensus mutations onto the OB-1 template,
subjecting each variant to activity and stability assays. Most of the variants displayed
equivalent or higher activity than the parental type, and seven clones had similar or
enhanced stability, in good agreement with the success rates of the consensus
experiments (Lehmann et al. 2002; Komor et al. 2012; Magliery 2015). The best
variant, carrying mutation A240G, increased the t1/2 at 70 �C by 1 h relative to OB-1.
We then recombined the six most promising mutations in the A240G mutant by site-
directed recombination (SDR) in vivo, and when their biochemical properties were
analyzed, potential relationships between the consensus mutations were revealed.
Ultimately, the best single mutant A240G (named DooKu) was characterized in
depth, not only showing notably improved stability but also better catalytic efficien-
cies for classic laccase substrates and redox mediators, as well as enhanced secretion.

It is worth noting that the main reason why consensus mutations do not affect
activity is that the computational search focuses on the surface of the protein and the
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programs used penalize buried residues (Goldenzweig et al. 2016; Shivange et al.
2016). By using this in-house consensus mutagenesis method that defined the RE
and MI thresholds to refine the MSAs, we selected an ancestral consensus mutation
(A240G) that notably improved stability, secretion, and activity. This substitution is
close to the T2/T3Cu cluster rather than to the surface, which may explain the
improvement in activity with all the substrates assayed. Using a method that allows
the user to take decisions at each step may enable positions to be identified that may
otherwise be overlooked by more straightforward programs. These results demon-
strate the potential of a consensus approach to find stabilizing mutations that can be
further recombined in other variants. The small libraries and the simple computa-
tional requirements make consensus design a reasonable strategy to stabilize
laccases without jeopardizing their activity, a key milestone in the engineering of
these versatile biocatalysts for industrial applications.

3 SCHEMA-RASPP Computation for Homologous In Vivo
Recombination of Stable Laccase Chimeras

Laccase chimeragenesis is an interesting strategy to tailor new laccases with hybrid
properties. While directed laccase evolution from single templates has been
achieved, it is not common to design chimeric laccases from different orthologues.
Indeed, the few reports of laccase chimeras did not yield chimeric proteins with
significant sequence and functional diversity (Cusano et al. 2009; Nakagawa et al.
2010; Pardo et al. 2012). This is probably due to the complex structural organization
of laccases, with two copper centers linked through a highly conserved HisCysHis
tripeptide that allows electrons to transit between the two catalytic sites. Selecting
suitable crossover positions in chimeragenesis is paramount to success, and we
recently tackled this problem by applying SCHEMA-RASPP structure-guided pro-
tein recombination in vivo, a powerful computational method to generate chimeras
with high sequence diversity while preserving functionality and stability (Mateljak
et al. 2019b). The SCHEMA algorithm identifies protein blocks that can be
recombined by selecting suitable crossover locations in contiguous sequences that
minimize the SCHEMA energy< E>� the average number of interactions that are
broken upon recombination of different parental types (Voigt et al. 2002), Fig. 2.
Complementing SCHEMA, the RASPP algorithm helps to set the minimal number
of mutations in each protein block and in an entire library, represented as < m > �
the average number of mutations in a library relative to the closest parental type
(Endelman et al. 2004). By combining SCHEMA and RASPP, the chimeric library is
enriched with functional variants with quite diverse sequences. SCHEMA structure-
guided recombination has been applied previously to different enzyme families to
improve thermostability, substrate specificity, and pH dependence among other traits
(e.g., β-lactamases, cellulases, P450 monooxygenases, arginases, and channel rho-
dopsins), yet it has never been used on laccases (Otey et al. 2004; Meyer et al. 2006;
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Otey et al. 2006; Li et al. 2007; Heinzelman et al. 2009, 2010; Romero et al. 2012;
Smith et al. 2012; Bedbrook et al. 2017).

Our preferred cloning strategy for directed evolution of eukaryotic genes is based
on the high-frequency of homologous DNA recombination of Saccharomyces
cerevisiae, an approach that we successfully applied to different enzyme systems
(Alcalde 2015). We harness S. cerevisiae in order to facilitate the cloning and in vivo
shuffling of individual computationally predicted SCHEMA blocks, eventually
producing functional yet diverse laccase chimeras with inter- and intra-SCHEMA
block recombination. In this case study (Mateljak et al. 2019b), OB-1, 3PO from
Pycnoporus cinnabarinus and Lac3 from basidiomycete Trametes sp. strain 30 were
used as the points of departure for laccase chimeragenesis. Importantly, all three of
these laccases are secreted by S. cerevisiae at similar titers (after adjusting the signal
peptides), and they shared around 70% sequence identity at the protein level
(Mateljak et al. 2017). Considering the need to maintain 40 bp of homology at
crossover sites for the in vivo assembly of the SCHEMA blocks within S. cerevisiae,
we had to write two additional scripts that allowed SCHEMA-RASPP to select
crossover positions with larger areas of sequence identity between the three parental
laccases. Several computational libraries were created, with four to seven blocks, in
an attempt to find suitable crossover spots that preserve protein folding and func-
tionality. We eventually selected a library with four blocks in order to keep a good
balance between transformation efficiency and sequence diversity. Indeed, this
library was well balanced in terms of homology at the crossover spots, structural
conservation at the cupredoxin domains, and good modulation of the Cu-binding
sites. Through this strategy we transformed yeast with the computational SCHEMA
blocks together with the linearized plasmid. One-pot transformation was sufficient to
generate thousands of clones in theory, yielding all the possible combinations of the
chimeric laccases. Considering that we have 3 parental types spliced in 4 blocks, we
would expect to obtain 81 laccase chimeras, although this number might be
expanded by in vivo shuffling within the SCHEMA blocks.

We screened our chimeric library for thermostability and characterized 14 ther-
mostable chimeric laccases. This collection of chimeras had significant sequence
diversity, on average differing in 46 amino acids from the closest homologue, Fig. 3.
Additional stochastic in vivo shuffling was observed within SCHEMA blocks in four
chimeras (i.e., intrablock recombination events), enriching sequence diversity. It is
important to highlight that by applying SCHEMA-RASPP recombination in vivo,
we generated much more sequence and functional diversity than previous laccase
chimeragenesis efforts. Indeed, 12 of the 14 chimeras had a higher t1/2 of thermal
inactivation at 70 �C than the most stable parent, OB-1 (Fig. 3), of which clone
AAABC particularly stood out, with a fivefold higher t1/2 (roughly 120 min) than
OB-1. We also investigated the activity of the chimeric family using several laccase
substrates and compared them to the closest parent. In order to rationalize the activity
of the chimeras, we generated a structural alignment of the T1Cu site catalytic cavity,
showing that all four SCHEMA blocks participated in the formation of the catalytic
site. Positive, negative, or neutral effects on the oxidation of different substrates were
observed depending on how the protein blocks combined with each other. This effect
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highlights the potential of SCHEMA-RASPP chimeragenesis, which may alter
substrate specificities in promiscuous enzymes by generating functional catalytic
sites with different substrate preferences. We also investigated the pH stability of the
most active and thermostable chimeras. The thermostable AAABC clone had higher
pH stability in an acidic environment than any of the parental enzymes, retaining
70% of its activity after 72 h at pH 2.0, while its closest OB-1 homologue was fully

Fig. 2 SCHEMA approach. Parental proteins are depicted in different colors. After predicting in
silico the exact crossover locations (dashed arrows), the SCHEMA blocks are randomly
recombined to yield a whole set of functional chimeric proteins with combined or improved
properties
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inactive. A similar effect was observed for CBBC, which displayed eightfold
enhancement over its closest parent Lac3 after 72 h at pH 2.0. The enhanced acid
stability of these two variants together with their superior thermal stability makes
them promising candidates for future industrial applications.

4 Computer-Guided Evolution to Enhance the Laccase
Redox Potential and Activity for High-Redox Potential
Mediators

The redox potential of the T1Cu site (ET1) crucially influences the overall perfor-
mance of laccases. It is well-known that electron transfer from the substrate to the
T1Cu is the rate-limiting step in laccase catalysis, and the difference between the
redox potential of the substrate and the T1Cu is the driving force of reaction, along
with the binding event (Jones and Solomon 2015). Despite having very similar T1Cu
coordination geometry, redox potential can vary significantly among laccases
(Shleev et al. 2004; Hong et al. 2011). Indeed, the complex regulation of laccase’s
ET1 is influenced by many factors, such as hydrophobicity at the T1 site, solvent
accessibility, the nature of the axial ligand, the distances between the coordinating
histidine and cysteine residues at the T1Cu, the hydrogen bonding to the S(Cys), and
stacking and electrostatic interactions in the protein backbone (Palmer et al. 1999;
Marshall et al. 2009; Hong et al. 2011; Cambria et al. 2012; Hadt et al. 2012).
Furthermore, overall laccase catalysis is not yet fully understood, considering that in
addition to substrate oxidation at the T1Cu site and the ensuing intramolecular
electron transfer (IET), oxygen is reduced at the trinuclear Cu cluster. Therefore,
altering the ET1 while preserving the stability and activity of the enzyme, as well as
identifying determinants of such modifications, remains a significant challenge to
laccase engineers.

The departure point toward higher-redox potential at the T1Cu site was the HRPL
OB-1 variant (Mate et al. 2010), employing a strategy in which in vitro directed
evolution and computer-aided evolution were run in parallel (Mateljak et al. 2019a).
To screen laccase mutant libraries, a reliable screening assay was designed based on
two high-redox potential mediators on which laccases hardly act, potassium
octacyanomolybdate (K4(MoCN)8, E ¼ 780 mV vs. NHE) and violuric acid
(E ¼ 920 mV vs. NHE). ABTS was used as a standard non-phenolic mediator
substrate that served as a negative control to complement the screening. In the first
round of directed evolution, several mutant libraries with different mutational loads
were created, and the L3G3 variant was obtained that carried an A162P substitution.
The activity of L3G3 improved for both high-redox potential mediators, while its
activity on ABTS was dampened slightly. A parallel computational mutagenesis
protocol was performed based on ranking sequence positions and sorting them
according to the frequency of the beneficial mutations. We screened over 40 posi-
tions in the vicinity of T1Cu site by molecular modeling using PELE (protein energy
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landscape exploration), a robust algorithm able to score the protein-substrate con-
formational space (Iglesias et al. 2018). The goal was to reveal positions where
mutations enhanced the protein-ligand interaction energy when using an oxidized
substrate as a probe, in this case oxidized violuric acid. As a consequence, we found
that when the protein-product interaction improves, the overall thermodynamics of
the reaction may be enhanced due to a reduction in the electron transfer transition
state barrier. After in silico screening, nine positions were identified, of which
Ala162 had been uncovered in the previous round of experimental evolution. Of
these predicted positions, Ala458 had the most beneficial stabilizing substitutions,
and accordingly, Ala162 and Ala458 were subjected to an in vitro round of combi-
natorial saturation mutagenesis and screening, yielding a double A162V-A458L
mutant (named GreeDo). Biochemical and spectro-electrochemical characterization
showed this variant to have improved redox potential and enhanced activity for a
panel of high-redox potential mediators. Indeed, its ET1 was over 50 mV higher than
that of the OB-1 laccase (increasing from 740 mV to 790 mV), in the upper limit of
redox potential for any laccase reported to date and representing the first time that the
ET1 of an HRPL had been increased. GreeDo also had improved catalytic efficiency
(kcat/Km) for K4Mo(CN)8, HBT, and violuric acid (all of them high-redox potential
mediators), and its superior behavior in decolorizing high-redox potential dyes was
demonstrated using LMS. These results establish GreeDo as a suitable candidate for
different LMS applications in bioremediation, pulp bleaching, and other industrial
processes. In protein engineering, mutations introduced at the active site often tend
to be destabilizing (Bloom et al. 2006), and this is especially true for laccases (Mate
and Alcalde 2015). We tested the kinetic thermostability of the GreeDo mutant, and
surprisingly its t1/2 at 70 �C increased by ~40 min. Moreover, while both OB-1 and
GreeDo were stable at neutral and basic pHs, at pH 2.0 the GreeDo variant had
18-fold higher tolerance than OB-1.

The A162V and A458L mutations lie in the vicinity of the T1Cu site, shrinking
the catalytic pocket and increasing the hydrophobicity of metal site which is
surrounded by bulkier side-chain residues, Fig. 4 Indeed, the hydrophobicity around
the metal site seems to be one of major structural determinants of ET1. Embedding
the T1Cu of laccase and other blue copper proteins in a more hydrophobic core
reduces accessibility to the solvent, with the concomitant stabilization of the less
charged Cu (I) ion and the elevation of the redox potential (Battistuzzi et al. 1999;
Marshall et al. 2009; Cambria et al. 2012; Hosseinzadeh and Lu 2016; Hosseinzadeh
et al. 2016). Moreover, the hydrophobic interaction between Val162 and Leu458
created an energetically beneficial effect, with a more rigid T1Cu environment that
positively affects thermal and acid pH stability.

We computationally analyzed the binding of the substrates used, and the A162V
and A458L mutations compress the binding cavity around His455 and Asp205, the
first electron and proton acceptor, respectively, Fig. 4 Alternatively, the alanine at
these two positions in the parental type OB-1 kept the binding pocket open, creating
a flat environment around T1Cu. Hence, apart from the enhanced ET1, the formation
of more reactive contacts with high-redox potential mediators improves the catalytic
constants of this evolved laccase mutant.
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In summary, our results stress that the ET1 and substrate binding are paramount
when assessing the catalytic performance of laccases, both properties that are
modulated by a more hydrophobic environment at the T1Cu site.

5 Ancestral Sequence Reconstruction (ASR)
for the Directed Evolution of a Resurrected Laccase

Ancestral sequence reconstruction (ASR) involves inferring ancient nodes from the
sequences of their modern counterparts. This strategy became feasible at the end of
the 1990s when adequate resources became available, which were not accessible
when ASR was first hypothesized (Pauling and Zuckerkandl 1963). In addition to
the obvious interest in these sequences for the study of natural molecular evolution,
the appealing properties that ancient enzymes may display have stimulated the
curiosity of protein engineers (Risso et al. 2013; Cox and Gaucher 2014; Whitfield
et al. 2015; Babkova et al. 2017; Zakas et al. 2017; Ayuso-Fernández et al. 2017;
Gomez-Fernandez et al. 2018). Catalytic and substrate promiscuity, stability in
extreme conditions, and improved folding and expression are features often shown
by ancestral “resurrected” enzymes. Many of these traits are not inherent to consen-
sus mutations, although they have an evident ancestral origin since they result from
residues conserved over time. Although this subject remains open to debate, the
ensemble of ancestral-consensus mutations truly defines the unique characteristics of
resurrected proteins (Bershtein and Tawfik 2008; Wijma et al. 2013).

To infer the ancestral sequence from a modern enzyme, MSAs must be generated
using similar tools as in consensus design, Fig. 1 These MSAs are produced with
sequence identity thresholds between 30 and 90% to avoid the inclusion of
sequences that are too different or too similar to the query. The outcomes have
different magnitudes depending on the number of target protein sequences available,
although this does not constitute an impediment to apply this technique (Merkl and
Sterner 2016). With a MSA that includes sequences of the same size, and after
deleting areas of uncertain alignment, a phylogenetic tree can typically be deduced
using either the maximum likelihood (ML) or Bayesian methodology (Yang et al.
1995; Ronquist and Huelsenbeck 2003; Lartillot et al. 2009; Bazinet et al. 2014).
Finally, a substitution model based on codons or amino acids can be added to the
equation to evaluate the chance of a nucleotide or amino acid being changed to
another (Jones et al. 1992; Yang et al. 2000; Whelan and Goldman 2001). Once the
sequences of the ancestral nodes are available, they can be resurrected (i.e., func-
tionally expressed in a modern microorganism). Alternatively, the amino acids that
differ from an extant version of the protein (ancestral mutations) can be inserted into
the modern template or even shuffled to produce ancestral libraries. Indeed, ancestral
mutations were recently inserted into a laccase from Agaricus brasiliensis that was
not expressed by Pichia pastoris, and after including 16 ancestral mutations, the
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laccase generated was successfully produced in this host, and it also showed higher
pH and thermal stability (Hamuro et al. 2017).

We consider that the alliance of ASR and directed evolution is very timely, given
that the combination of both strategies can lead to the development of a new
generation of biocatalysts, harnessing a model to exclude disruptive mutations
while enhancing promiscuity and evolvability (Bloom et al. 2006; Cox and Gaucher
2014; Merkl and Sterner 2016; Alcalde 2017; Risso et al. 2018). Indeed, the first
proof of concept of the laboratory evolution of a Precambrian enzyme was recently
reported. We resurrected several ancestral nodes of the Rubisco from proteobacteria
Rhodospirillum rubrum, and we subjected both the ancestral and modern Rubiscos
to exhaustive directed evolution campaigns aimed at improving stability and eval-
uating mutational tolerance (Gomez-Fernandez et al. 2018). Encouraged by these
results, we recently combined ASR and directed evolution to resurrect and evolve
the ancestral node of basidiomycete laccases (Gomez-Fernandez et al. 2020b). We
first used the curated MSA1 from the consensus design explained above (see Sect.
2.2) to generate the corresponding phylogenetic tree with MrBayes, while the node
sequences were inferred with PAML and an amino acid substitution model. Accord-
ingly, we inferred the sequence of three ancestral nodes dating them back 500–227
million years (at the beginning of the Phanerozoic eon), within the appearance of the
common ancestor of some Basidiomycota, in the early Cambrian period
(LacAnc95), and the common ancestors of Agaricomycotina and Agaricomycetes,
in the Mesozoic era (LacAnc98 and LacAnc100), (Hedges and Kumar 2009). These
three nodes were selected for expression in S. cerevisiae. Three different signal
peptides were employed to enhance expression, all of them evolved versions of the

Fig. 4 Location of mutations. Representation of parental OB-1 (a) and GreeDo mutant (b). A162V
and A458L mutations (highlighted as magenta sticks) are in the proximity of T1Cu site closing the
catalytic pocket. Cooper atoms are shown as blue spheres and are coordinated by ten His residues
and one Cys depicted as sticks. Axial ligand Phe 460 is shown in yellow sticks. His 455 and Asp205,
the first electron and proton acceptor, respectively, are highlighted as green sticks. Model is based
on Trametes trogii laccase (96% of identity). PDB code 2HRG
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α-factor prepro-leader, and we biochemically characterized the resurrected node
100. This ancestral laccase contained 136 ancestral mutations (73% of identity
with OB-1 laccase), dating back ~250–227 million years to the beginning of the
Mesozoic era, right after the Permian-Triassic extinction (Nowak et al. 2019). Node
100 had similar kinetic parameters to the modern OB-1 laccase, although it was
much more stable at acid pH and its expression was improved ~tenfold.

The warm climate on the earth during the Cambrian period coincided with the
most intense evolutionary burst (the Cambrian explosion), with dozens of new
species emerging. As such, we were not expecting to find strong differences in
terms of thermostability between the resurrected node and the modern laccase, as
occurs with many Precambrian proteins (Alcalde 2017 and references herein).
Conversely, we hypothesized that improved expression and acid stability are bio-
chemical traits that may confer better adaptation during the biological spark of
Basidiomycota expansion during the Cambrian explosion (Gaucher et al. 2008;
Hamuro et al. 2017).

We set out to evolve the resurrected laccase to improve its activity against
β-diketones, an unusual class of redox mediators that upon oxidation by laccases
trigger the polymerization of vinyl monomers. The β-diketone radical itself initiates
polymer chain growth by forming part of the polymer, which is why it is referred to
as an initiator. That is, after incorporation into the polymer, the β-diketone is no
longer available for new cycles of oxidation by the laccase, unlike classical redox
mediators whose redox conversion is cyclical (Ikeda et al. 1998; Durand et al. 2000;
Hollmann et al. 2008). Initiators are poor laccase substrates so that designing
efficient laccases for the oxidation of β-diketones could help to replace the hazardous
chemical procedures commonly used in vinyl polymerization reactions (e.g., in the
production of polystyrene, polyacrylamide) (Durand et al. 2001; Lizotte and Long
2003; Hollmann et al. 2008). We first developed a high-throughput screening assay
for the oxidation of the β-diketone 1,3-cyclopentanedione, and we performed
structure-guided evolution. Some hotspot residues were identified and further stud-
ied by site-directed recombination in vivo, giving rise to a new P163R-V165R
mutant with 160% efficiency in the oxidation of 1,3-cyclopentanedione, a promising
point of departure for the enzymatic production of vinyl polymers.

6 Conclusions

The successful case studies discussed in this chapter underline the powerful synergy
between computational methodologies and directed evolution in order to tailor new
generations of laccases. Computational tools seem to be sufficiently mature as to
help protein engineers design smaller yet smarter libraries, significantly reducing the
experimental effort required. The incipient incorporation of machine learning to the
directed evolution workflow (Saito et al. 2018), along with classical computational
methods ranging from the in silico prediction of hotspot residues to de novo enzyme
design and/or the generation of ancestral enzymes, will shift the road map of directed
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evolution in the forthcoming years. In particular, the production of HRPLs tailored a
la carte at the scale g/Kg seems to be closer than ever, which would allow them to
find an outstanding place in the market for many industrial processes (e.g., pulp and
paper bleaching, organic synthesis, biosensor design) as well as to aid in environ-
mental concerns (e.g., treatment of industrial wastewaters, removal of PAHs, plas-
tics, and many other xenobiotics).
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those far from the optimal conditions for human life. Thus, ecosystems that present
very low or high temperature, pH values, or radiation index, habitats containing a NaCl
concentration higher than 1.0 M and deep sea, among others, are considered extreme
ecosystems. Derived from these physicochemical conditions, extreme ecosystems have
an interesting biodiversity that could represent an attractive source of novel
extremozymes. The use of many methods to ensure the bioprospection is needed to
find robust enzymes with industrial applications. In this sense, dependent and inde-
pendent culture approaches are successfully used to identify and characterize novel
biocatalysts as laccases. Laccases are copper-containing oxides enzymes found in
many organisms (plants, bacteria, fungi, insects, oysters), and they have a key role in
the lignin deconstruction. These enzymes catalyze the monoelectronic oxidation of a
huge range of substrates. Especially, microbial laccases have been extensively studied
since structural and functional views. These oxidoreductases are frequently extracellu-
lar proteins, and the interest in their applications has significantly grown in recent years.
Currently, laccase-based industrial processes as green-clean bioprocesses are very
attractive for the biotechnology. Thus, the search for new genes encoding laccases is
an important objective to supply the increasing demand of the bioprocess-based
industry. In this chapter, a discussion of the structure and application of laccases will
be presented, with an emphasis in extremophilic laccases. Also, a revision related to
biotechnological applications using extremophilic laccases will be addressed.

1 Introduction

One of the main concerns in current biotechnology industries is to increase effi-
ciency and competitiveness in the face of challenges imposed by the well-established
chemistry industry. In some industrial fields, shifting the framework toward biotech-
nological processes is not yet affordable (Chen and Jiang 2018). Even though
biotechnological solutions promise to be a “green” alternative, the truth is that
current methods have still many shortcomings that should be addressed to effectively
introduce biological treatments in the market. Among others, biotechnological
processes:

• Rely on high-energy consumption (for sterilization, optimal temperature stabiliza-
tion, aeration, agitation).

• Have a considerable production of wastewater.
• Are prone to microbial contamination.
• Are more time-consuming due to constraints imposed by microorganism growth

rates.
• Are not easily adapted to continuous flow as many fermentations are best held on

batch.
• Are not easily automated as many variables require expert assessment.
• Broth media is difficult to recycle.
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• Product separation and purification are lengthy and expensive.
• Require high infrastructure investment.
• Require highly trained personnel.

In recent years, extremophiles have arisen as a promising tool to overcome many
of these difficulties. Imposing extreme conditions such as high salinity, low or high
pH, low temperatures, or high solute concentration can significantly reduce the
possibilities of microbial contamination in the processes. Using extreme conditions
would eliminate the requirement of sterility and the associated cost (Chen and Jiang
2018). Also, since there is a low risk of contamination, batch fermentations are no
longer a necessity, and continuous flow processes could be designed. Altogether,
these changes could considerably reduce the cost of infrastructure. Then, the main
challenge becomes screening for extremophile microorganisms and their enzymes
and understanding their mechanisms to thrive in extreme environments.

Extreme ecosystems (i.e., salterns, stromatolites, acidic hot springs, hydrothermal
vents, alkaliphilic lakes, and acid water of mines) could harbor an enormous
diversity of unknown laccase-like enzymes. Because our knowledge about laccase
genes in extreme ecosystems is still very limited, we even cannot visualize the great
biotechnological potential that extremophile laccase-like enzymes could represent.
Considering that industrial applications demand large-scale enzyme productions,
laccases isolated from extremophiles need to be heterologously expressed in differ-
ent hosts. Currently, the heterologous overexpression is considered the main bottle-
neck for the laccase industry. There are serious restrictions with the expression levels
of many extremophile laccases in classical industrial hosts such as Escherichia coli,
Pichia pastoris, Saccharomyces cerevisiae, and Aspergillus niger. Particularly “rare
laccase genes” isolated from extremophile microorganisms impose serious limita-
tions for the protein heterologous expression, because the codon usage and the
promoter regulation can negatively impacting on recombinant laccase production
in different hosts. In addition, in many cases posttranslational modifications are also
needed to obtain functional extremophile laccases. Thus, new industrial heterolo-
gous systems with a particular focus on extremophile enzymes (i.e., laccases) are
needed to increase the chances of producing sufficient levels of extremozymes. As
we later discuss, after recombinant laccases are successfully produced, they are
useful for a huge range of biotechnological applications. The biochemical properties
of the extremophile laccases allow their application under critical conditions such as
high or low temperature, huge range of pH, among others.

2 Extremophile Microorganisms

Extremophiles are a heterogeneous group of microorganisms growing under extreme
conditions. Extreme environments are characterized by very particular physico-
chemical conditions; for example, very high or low temperature, over 1 atm hydro-
static pressure, extremely acid or alkaline pH values, high radiation index, severe
nutrient limitations, hypersalinity and low water activity, among others.
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According to the environmental requirements for these microorganisms to grow
optimally, they can be classified as thermophiles or hyperthermophiles (when
>40 �C is required), psychrophile (when <15 �C is required), acidophiles or
alkaliphiles (when acid or alkaline pH values are required), halophiles (when
>0.5 M NaCl is required), and barophiles (when >1 atm is required). Other
classifications include the term xerophiles for microorganisms requiring low water
activity (<0.8) at optimum growth. Organisms that tolerate these adverse conditions
but have their optimal growth rate under standard conditions are defined as
extremotolerant.

Interestingly, many environments show a combination of these conditions. For
example, deep oceans and deep-sea sediments combine high pressure, high salinity,
and low temperature; hydrothermal vents have high temperature and high pressure
with a low content of organic matter; acid mine drainages are characterized by low
pH values (<3), high heavy metal concentrations, and low nutrient availability. All
these habitats are classified as poly-extreme, and their endogenous microbiota is
considered poly-extremophilic.

Extreme environments are widely distributed around the world. In addition to
those previously mentioned, these include volcanoes, arid and hyperarid zones,
hypersaline soils, salterns, deserts, alkaline or acid lakes, and frozen habitats,
among others. Another type of extreme environments has attracted our attention in
recent years. Certain habitats are classified as extreme due to high levels of envi-
ronmental pollution, which imposes several restrictions for life. These environments
are derived from anthropogenic activities such as industrialization and are also
colonized by a huge microbial biodiversity that can withstand high levels of toxic
compounds.

Extremophiles include microorganisms belonging to the three domains of life,
Archaea, Bacteria, and Eukarya. Figure 1 displays a phylogeny representing
extremophilic microorganisms of different genera and their extremophilic charac-
teristics. Historically, Archaea and Bacteria have been largely studied as extremo-
phile microorganisms. However, the study of extremophilic fungi has been recently
addressed (since the last 20 years) (Gunde-Cimerman et al. 2003). Extremophiles
have emerged as a unique opportunity to analyze the biology in the limits of life in a
planetary context (Merino et al. 2019). Frequently, the study of extremophilic
microorganisms has been related to the origin of life, as well as with the potential
search of life in alternative biospaces. Over the past several decades, the search for
life in planets or celestial bodies different than Earth has been a human obsession.
Extremophiles are biological systems that offer a great opportunity to analyze
biological behaviors in conditions that could simulate other planetary bodies. In
this context, the Atacama Desert has been the classical environment since its soil
composition mimics the Mars’ surface. This is one of the oldest, arid, and most
hostile deserts on Earth with <1 mm of rain per year. For many years it was
considered as uninhabited territory due to its poly-extreme features. However, the
study of its autochthone microbiota that includes archaeal, bacteria, fungi, protozoa,
algae, and viruses has allowed establishing “the basis for a new perspective for life at
this poly-extreme territory” (cited from Gómez-Silva 2018).
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For modern science, extremophiles are fascinating microbes because they can
successfully live under conditions in which human life would be remotely imagin-
able. In contrast with our anthropocentric point of view, the Earth harbors many
niches that represent no conventional habitable ecosystems. However, all of these
are absolutely colonize by microorganisms with a huge diversity of molecular and
cellular adaptations to survive under extreme conditions (Singh et al. 2019a, b).
These microbes usually exhibit strong metabolic plasticity at the genomic level that
reflects their potentialities to implement biochemical strategies to maintain the
metabolic homeostasis under extreme conditions.

3 Structural Basis for Extremotolerance

An important aspect of using extremophilic strains for biotechnological processes is
not only profiting from their optimal growth rate at extreme conditions but also
ensuring the maximal activity of the desired enzymatic treatment. A strain which
grows in acidic pH is of no use if the target enzyme required for the process is not
produced or has suboptimal kinetic parameters under these conditions. Therefore,
the characterization of enzyme activity at extreme conditions is also critical.

In general, halophilic enzymes that are stable at high salt concentrations can be
used after or concurrently with chemical processes that use salts, acids, or bases.
Psychrophilic enzymes can be applied in situations where the components of a
reaction are heat sensitive. Thermophilic enzymes not only are stable under high
temperatures but in many cases are also highly resistant to proteases, chaotropic
agents, detergents, and organic solvents. All these adaptations of extremozymes
could give a more versatile toolbox to couple biotechnological processes with the
already efficient and established physicochemical processes in the industry.

The factors that influence the stability of extremozymes include changes in the
distribution of hydrophobic patches and charges in the solvent-exposed surface of
the protein, reduction in the size of loops and number of cavities, increase in the
extent of secondary structure, and more extensive networks of ionic interactions
stabilizing the tertiary structure as well as multimeric protein conformation.

For example, comparison of crystallographic structure between thermophilic and
mesophilic proteins has revealed an increase of networks of ionic interactions in the
former, which can have a stabilizing effect over a much longer range than hydro-
phobic interactions. Also, site-directed mutagenesis studies have shown that intro-
ducing mutations to achieve a more rigid core protein can also increase the stability
at high temperatures. Finally, thermophilic enzymes have a lower occurrence of
labile residues such as cysteine, asparagine, and aspartate.

Among laccases, several characteristics are proposed to contribute to thermal
stability. One of the first identified characteristics is the high glycosylation content in
some thermostable laccases, e.g., from Botrytis cinerea (49% glycosylation)
(Slomczynski et al. 1995), Ceriporiopsis subvermispora (Fukushima and Kirk
1995), Postia placenta (40% glycosylation) (An et al. 2015), and Pycnoporus
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sanguineus (Dantán-González et al. 2008). For example, six and four
N-glycosylation positions were predicted in the two laccases (PPLCC1 and
PPLCC2, respectively) of Postia placenta (An et al. 2015). While PPLCC1 showed
a high thermostability, PPLCC2 was drastically sensible at the temperature. Thus,
the glycosylation extent of PPLCC1 (40%) vs 4.7% presents in PPLCC2 might
partially explain the higher thermostability of PPLCC1 than PPLCC2 (An et al.
2015). Also, directed evolution of laccases from P. cinnabarinus (PcL) (Camarero
et al. 2012) and M. thermophila (MtL) (Bulter et al. 2003; Zumárraga et al. 2007)
showed that mutants with increased stability were hyperglycosylated, with sugar
moieties contributing around 50% of their molecular weight. However, other studies
suggest that the thermal stability of laccases is not explained exclusively by glyco-
sylation (Koschorreck et al. 2008; Marques De Souza and Peralta 2003). In fact, as
with other thermophilic proteins, the crystal structure of the B. subtilis CotA shows
higher hydrophobic interaction between domains when compared with other mono-
meric LMCO (laccase-like multicopper oxidase) and laccases and reduced flexibility
due to the increased content of proline residues (Enguita et al. 2003).

Contrary to proteins from thermophiles, psychrophilic enzyme adaptations must
ensure the required flexibility for the catalytic mechanisms to occur. Therefore, the
activity of cold-active enzymes often relies on decreasing the hydrophobicity in the
core of the protein and decreasing the number of hydrogen bonds, the ion interaction
networks or salt bridges, and the overall charge of the protein. Also, these enzymes
must remain active at low water activity, i.e., when the water molecules are less
available to interact with proteins as they are forming structured ice lattices. In these
conditions, the enzymes must bind more tightly the water to ensure that there are
multiple hydration layers supporting enzyme function.

At high salinity, water is sequestered in hydrated ionic structures, similarly as
happens in ice structures, limiting the availability of free water molecules for protein
hydration. Halophilic enzymes generally have numerous acidic residues located on
the surface which increases the negative surface charge and therefore the hydration
of the protein. The acidic residues on the surface of halophilic enzymes also reduce
the hydrophobicity and promote electrostatic repulsion of the proteins. Additionally,
genome-wide analysis of proteins from halophiles has shown a reduction in the
number of lysine or larger hydrophobic residues (phenylalanine, isoleucine, and
leucine) at the protein surface, consistent with a reduction in surface hydrophobicity
and increased flexibility. These properties prevent the “salting-out” effect, i.e., the
aggregation of proteins at high salt concentrations.

4 Extremophiles as a Source of Laccases: Some Examples

Extremophile microbes are an attractive source of enzymes for metabolizing recal-
citrant compounds such as polycyclic aromatic hydrocarbons, pesticides, pharma-
ceutical compounds, polysaccharides, lignocellulose, and resins, among others.
Enzymes produced by extremophiles are usually extremozymes as they display
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robust biochemical properties and are functionally active in extreme conditions
(Singh et al. 2019a, b). From a biotechnological point of view, these enzymes are
very attractive for industries due to their downstream applications as biocatalysts to
produce fine chemicals such as biopolymers, biomaterials, and biofuels (Raddadi
et al. 2015).

Extreme environments have been routinely explored to discover extremozymes.
One example is the bioprospection of thermophiles and hyperthermophiles as a
novel source of polysaccharide-degrading enzymes such as amylases, pullulanases,
cellulases, hemicellulases, esterases, and pectinases. Some of these lignocellulolytic
proteins displayed stability at temperatures higher than 70 �C (Elleuche et al. 2015).
High-temperature biotechnological processes demand thermozymes, which should
be functional at high temperatures (>60 �C). Functional-based and sequencing-
based metagenomics have been successfully driven to describe new thermostable
enzymes. Figure 2 shows a schematic representation to identify genes encoding
thermozymes.

Microorganisms inhabiting marine ecosystems, especially those found in deep
sea, also constitute an interesting source of enzymes. Marine extremophiles include
psychrophiles, halophiles, and piezophiles, and their enzymes are functionally active
under harsh physical-chemical conditions (Leal et al. 2015). According to this,
hydrolases from prokaryotes isolated from these environments have been largely
investigated resulting in the characterization of several glycoside hydrolases useful
for industrial applications.

The biobased industry is considered one of the best solutions to face global
challenges: climate change, agriculture production, generation of new antibiotics
and biomaterials, etc. The progress of this industry will positively impact on
bioprocesses and will allow developing biological processes to convert biomass to
high-value products (Krüger et al. 2018). Biobased economy, as also known,
requires sustainable and high efficient eco-friendly technologies based on enzymes.
Extreme habitats represent an excellent niche for this industry, since various sectors
could be benefited with biocatalysts derived from ecosystems such as hot spring, salt
lakes, polar sea ice, etc. Figure 3 shows the contribution of extremophilic microor-
ganisms and their enzymes to biobased industry.

In the search for laccases from extremophiles, many efforts have been made.
Miyazaki (2005) purified and characterized a hyperthermophilic laccase obtained
from the thermophilic bacterium Thermus thermophilus HB27. This enzyme
displayed an optimum temperature of 92 �C and a high thermostability (>14 h at
80 �C). The proteins showed activity on the canonical laccase substrates: guaiacol
and 2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonate). This laccase was ranked in
2005 as the most thermophilic laccase reported.

Recently, a new thermophile laccase was reported from Thermus sp., and its
capacity to delignify lignocellulosic biomass was investigated. This enzyme shows
activity on different laccase substrates such as 2,20-azino-di-(3-ethylbenzothiazoline
sulfonate) (ABTS) and 2,6-dimethoxyphenol (DMP). Also, the protein exhibited a
high thermostability because retained 80% of its activity was exposed 16 h at 70 �C
and revealed a copper-dependence activity (Navas et al. 2019). Moreover, this
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laccase evidenced biotechnological potentialities for delignification of Eucalyptus
biomass.

A novel laccase from thermoalkaliphilic bacterium Caldalkalibacillus thermarum
able to degrade a lignin model compound was described (Ghatge et al. 2018). This

Fig. 2 Schematic representation of high-throughput screenings for genes encoding thermozymes,
cloning, and expression followed by biochemical characterization of biocatalysts and subsequent
large-scale production for suitable industrial applications. Reprinted from Curr Opin Microbiol
25, Elleuche S, Schäfers C, Blank S, Schröder C, and Antranikian G, Exploration of extremophiles
for high-temperature biotechnological processes, 113–119, copyright © 2015, with permission
from Elsevier
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enzyme showed its optimum activity under alkaline conditions (pH ¼ 8) and high
temperature (70 �C). In addition, retained 80% of its activity after 24 h under
thermoalkaliphilic conditions and its half-life was 12 h at 90 �C. This
poly-extremophilic laccase displayed dependence of copper and manganese, while
other metal ions did not affect the enzymatic activity. To investigate the properties as
a biocatalyst for biotechnological applications, the enzyme catalyzed the conversion
of guaiacylglycerol-B-guaiacyl ether (GGGE) to C5-C5 biphenyl tetramer, and the
mechanisms for dimerization of a dimeric lignin model compound GGGE were
proposed as Fig. 4 represents. The laccase of C. thermarum oxidized a wide range of
substrates (2,6-DMP, ABTS, catechol, caffeic acid, ferulic acid, and phloroglucinol),
which indicates that this laccase is a versatile enzyme.

Other thermotolerant bacterial laccases have been also characterized. For exam-
ple, McoA was described as a thermostable laccase from the bacterium Aquifex
aeolicus because it showed thermostability at 90 �C for 5 h (Fernándes et al. 2007).
McoA was annotated as a multicopper oxidase and presents higher specificity for
cuprous and ferrous ions than for aromatic compounds. According to this, McoA
was classified as a metallo-oxidase. Bacillus has been also described as a bacteria
genus with high potential to produce thermotolerant enzymes. Bacillus sp. PC-3 was

Fig. 3 Contributions of extremophiles and their enzymes to bioeconomy. Cross-sectional technol-
ogies and other factors influencing a new emerging bioeconomy. Reprinted from New Biotechnol
40, Krüger A, Schaefers C, Schroeder C, and Antranikian G, Toward a sustainable biobased
industry – highlighting the impact of extremophiles, 144–153, copyright © 2018, with permission
from Elsevier
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reported as a novel thermophilic bacterium that excretes a thermostable laccase with
a significant activity at a wider pH range (Sharma et al. 2018). In addition,
Anoxybacillus sp. was also reported as a new thermophilic bacterium with
hyperthermostable alkaline laccase activity (Al-balawi et al. 2017).

But not only thermophilic laccases have been studied. Halophilic bacterial
laccases are also very attractive for biotechnological applications. With this in
mind, a laccase produced by Aquisalibacillus elongatus was investigated resulting
that the purified enzymes showed high stability against organic solvents, salts,
metals, inhibitors, and surfactants. The enzyme is active in a huge range of pH
(from 5 to 10) and revealed to be useful for industrial applications related to lignin
deconstruction (Rezaei et al. 2017).

From Arctic marine environments, 13 laccase-positive Psychrobacter species
were identified (Moghadam et al. 2016). It was demonstrated that some laccases
are located on plasmids while others in the chromosomes of these psychrophilic
bacteria. The laccase multicopper oxide exhibited activity on ABTS and guaiacol,

Fig. 4 Proposed mechanism of laccase for dimerization of a dimeric lignin model compound
GGGE. Reprinted by permission from Springer Nature: Springer, Appl Microbiol Biotechnol 102
(9), 4075–4086, A novel laccase from thermoalkaliphilic bacterium Caldalkalibacillus thermarum
strain TA2.A1 able to catalyze dimerization of a lignin model compound, Ghatge S, Yang Y, Song
WY, Kim TY, and Hur HG, copyright © Springer-Verlag GmbH Germany, part of Springer
Nature 2018
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and the enzymes also operated by Mg2+ and Ca2+ addiction. In addition,
Cladosporium tenuissimum was classified as psychrotolerant bacterium that pro-
duces extracellular laccase activity at low temperature (Dhakar and Pandey 2016).

Also, laccases with high pH tolerance range have been also studied in the
extremophile bacteria Thioalkalivibrio sp. (Ausec et al. 2015). This genus seems
to be a potential source of robust bacterial laccases with a high tolerance to
temperature and pH (Ausec et al. 2015). On other hand, Geobacillus
thermopakistaniensis isolated from hot spring in Pakistan produces extracellular
laccase isoforms highly stable to several halides (NaF, NaCl, NaBr) and organic
solvents (methanol, ethanol, propanol, isopropanol) (Basheer et al. 2017).

5 Metagenomics as a Powerful Method for Laccase
Bioprospection

Over the last two decades, omic technologies have changed the paradigm of enzyme
bioprospection from extreme environments. Metagenomic-based approaches have
allowed to explore a wide variety of different ecosystems and exploit their microbial
biodiversity. Laccase bioprospection from extreme environments has gained atten-
tion since novel oxidoreductases could be discovered using both dependent and
independent culture approaches. Figure 5 displays a general approach that could be
useful for laccase bioprospection. Transcriptomic and proteomic can be considered
as powerful strategies to discover laccases from extremophiles. On the other hand,
functional metagenomics allows exploring genomes to identify genes encoding
laccases. Independent culture methods could result in the discovery of new laccases
with robust properties over a wider range of environmental conditions. However,
from our point of view, one of the limitations for functional-based metagenomic
screening is the activity-based method. Typically, these are based on the degradation
of a specific substrate, and generally, a color change around the metagenomic clone
is used to identify the positive clone screened. For laccases, substrates should be
carefully selected to increase the success rate. PCR-based strategies also are an
alternative to amplify laccase genes from a metagenome isolated from extreme
environments. To do so, three different strategies could be used as Fig. 6 displays.
PCR-based methods have been poorly employed to detect laccases from extreme
ecosystems.

A novel polyphenol oxidase actives on a huge range of substrates (syringaldazine,
2,6 dimethoxyphenol, veratryl alcohol, guaiacol, tetramethylbenzidine,
4-methoxybenzyl alcohol, 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid,
phenol red) were characterized from metagenomic libraries obtained from bovine
rumen microbiota (Beloqui et al. 2006). This enzyme showed activity in pH from 3.5
to 9.0 and was characterized as a new family of polyphenol oxidases. Other alkaline
laccase was identified from a metagenomic library obtained from mangrove soil
(Ye et al. 2010). However, laccase detection from functional-based screening is very
difficult. In this sense, during the functional analysis of 52,000 metagenomic clones
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obtained from Antarctic DNA, any laccase activity was detected, while lipases,
esterases, and cellulases were detected (Ferrés et al. 2015).

In addition to activity-based screening, sequence-screening strategies have been
used for laccase detection. Using this methodology a new bacterial laccase was
characterized from marine environments in South China Sea. This enzyme was
overexpressed in E. coli and is active on syringaldazine and in high temperature.
Moreover, this marine-derived laccase showed an alkaline activity, which is
enhanced by chloride addiction (Fang et al. 2012). Genome mining is also useful
for laccase bioprospection. It has demonstrated when an alkaline and thermostable
laccase Ssl1 from Streptomyces sviceus was characterized (Gunne and Urlacher
2012). This phenol oxidase is a small laccase, and its activity is not affected by
addiction of detergents and organic solvents. Metagenomic approaches have also
derived in the crystallization of laccase. For example, a putative two-domain-type
laccase detected from a metagenomic screening was characterized and structurally
studied by X-ray analysis (Komori et al. 2009).

6 Pushing the Boundaries of Natural Laccases

As previously seen, there is great potential in screening microorganisms from
diverse environments to obtain novel catalysts for industrial applications. Neverthe-
less, natural enzymes are not specifically suited to perform in settings with all the
requirements of industrial processes, as the evolutionary pressures that have driven
their changes were oriented to ensure fitness in a biological environment. As our
understanding of the molecular dynamics and behavior of protein increases, new and
innovative approaches to improve enzyme function and properties are gaining
relevance. The engineering of protein structure and function can increase and expand
enzyme applications in the industry. Obtaining engineered enzymes is generally
achieved by two different strategies: directed evolution or rational design. Other
strategies are the result of the combination of these methods.

Directed evolution is one of the most powerful approaches for improvement of
enzyme function. The rationale of this method is to mimic the effect of evolution by
applying a selective pressure through several generations of a protein population. In
each generation, mutations are (randomly or selectively) introduced in the gene and
evaluated to assess if the resulting protein can pass to the next generation. The major
advantage of this method is that prior knowledge of the protein structure or molec-
ular interactions is not required. The limitations though are the technical availability
of a high-throughput screening method that can help select the proteins with the
desired enhanced property and the high combinatorial number of mutations that
must be screened if the sequence space is not constrained.

The method of directed evolution has been implemented both in vitro and in silico
with very good results. In vitro strategies generally rely on the construction of gene
libraries that are expressed in an appropriate host. Mutations can be introduced
randomly by using physical or chemical mutagenic treatments or specifically by
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using several molecular biology techniques. To simulate the process in silico, an
initial protein structure must be obtained or modeled, and the screening methods rely
on evaluating protein structural properties that are previously known to correlate
with protein function.

Many of the factors that determine enzyme stability and extremophile perfor-
mance have been studied and are partially understood. Therefore, several attempts
have been made to apply that knowledge for obtaining engineered proteins that
display desirable characteristics. In the case of laccases, many efforts have been
oriented to increase the redox potential of the enzymes in order to improve their
catalytic properties, but some studies have been also pursued an increase in optimal
temperature and stability. For example, Mateljak et al. (2019) screened a library of
laccase variants derived by multiple strategies of recombination and mutation of an
original gene from a basidiomycete strain (PM1). The natural laccase produced by
this strain had an optimal enzymatic activity at 80 �C (Coll et al. 1993a, b), ensuring
a good starting point for improvement. The library was subjected to sequential
rounds of computationally guided mutagenesis and directed evolution, and the
resulting laccase product not only showed increased redox potential but also had
increased stability to thermal denaturation (near 3-fold increase in the halftime of the
enzyme activity at 70 �C) and pH (around 18-fold increase in stability at pH 2 after
96 h) when compared to a previously obtained mutant. One interesting finding in this
study was that the introduction of hydrophobic residues that “sheltered” the copper
catalytic site from solvent exposure increased the stability of the enzymatic activity.
This phenomenon was also observed in some natural laccase with high thermal
stability, suggesting this could be a structural feature of thermophilic/thermotolerant
laccases (Mateljak et al. 2019). In another example, Sheng et al. (2017) used the
methodology of Bacillus subtilis spore display to screen laccase mutants with
increased pH stability, reaching a 62-fold increase in half lifetime at pH 4 when
compared with the wild-type laccase.

In contrast to directed evolution, the rational design method is based on the
understanding of the enzyme structure-function relationship. In this case, targeted
mutations are oriented to change a structural property of the protein that is already
known to be involved in its function. In the case of laccases, an example of site-
directed mutagenesis showed that changes in a loop of a native laccase from Bacillus
HR03 increased thermal stability and indirectly improved kinetic parameters, appar-
ently by the stabilizing effect of the mutations (Mollania et al. 2011).

Figure 7 illustrates all the functional properties of laccases that have been
engineered with particular industrial purposes in mind. All these examples show
that improving the function and stability of laccases is a promising field of research
that will enable obtaining more efficient biocatalysts with improved stability to be
used in industrial processes.
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7 Biotechnological Applications of Extremophilic Laccases

Extremophilic enzymes usually withstand harsh conditions (pH, salinity, high or low
temperatures, etc.), so many have been proven to show advantages for biotechno-
logical processes, which mesophilic enzymes cannot withstand (Chandra et al.
2017). These enzymes could perform better in several applications in environmental,
industrial, medical, chemical, pharmaceutical, textile, agriculture, food or animal
feed, and biofuels industries (Ibrahim and Ma 2017). Besides, an important increase
in the global market demand of enzymes has been registered, and it was estimated to
be USD 4.61 billion in 2016 and is projected to reach USD 6.30 billion by 2022
(Industrial Enzymes Market 2019).

Here we will review some aspects of the biotechnological uses of extremophilic
laccases.

Fig. 7 Designer laccases. Modified, mass-produced laccases with improved stability, activity, and
specificity will emerge tailor-made for disparate industrial purpose. Reprinted from Trends
Biotechnol 28(2), Rodgers CJ, Blanford CF, Giddens SR, Skamnioti P, Armstrong FA, and Gurr
SJ, Designer laccases: a vogue for high-potential fungal enzymes? 63–72, copyright © 2010, with
permission from Elsevier
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7.1 Plant Biomass Decomposition for Biorefinery Processes

Petrol in the world is becoming scarce or found at deep-sea wells, so every time is
more difficult to acquire. Furthermore, oil handling provokes pollution derived from
spills, accidents, and use of oil-derived products such as combustion of gasolines and
diesel, machinery wasted oil, etc. (Thomas 2017). For these reasons, biorefinery
technology has been developing to obtain biofuels (mostly bioethanol and biodiesel)
and other substitutes for oil-derived products such as waterproof compounds, cement
additives, battery components, etc. (Parajuli et al. 2015). These compounds are all
carbon-based molecules that come from the hydrocarbons found in petrol. An
interesting alternative carbon source to manufacture current substitutes for
oil-derived compounds is lignocellulose, a complex composite found in vegetal
biomass.

The cell wall in plants and algae is composed mainly of four carbon-based
polymers: cellulose, hemicellulose, pectin, and lignin. The first three are polysac-
charides, which are imbibed in a lignin matrix. Cellulose is a uniform polymer
composed of glucose molecules linked in beta-(1–4) bonds which can be hydrolyzed
by cellulases; hemicellulose is more complex since it is a branched polymer of
different sugars being xylose the most abundant one, but other sugars such as
arabinose, and glucose, or organic acids like acetic or ferulic acid can be linked to
the structure. Different enzymes are then needed to obtain the monomeric sugars or
acids from hemicellulose. Pectin is mostly composed of linear chains of alpha-(1–4)
linked D-galacturonic acid (Toushik et al. 2017). As can be known, lignocellulose is
a great feedstock from which many different carbohydrates can be obtained (Toushik
et al. 2017; Guo et al. 2018; Lange 2018).

However, lignin is a polyphenolic polymer that hampers the access of enzymes to
the polysaccharides found in plant biomass. This polymer contains different types of
bonding among its aromatic rings, mainly C–O–C bonds (β-O-4/40, α-O-4/40, α/γ-O-
γ, 4-O-5/50, etc.) and C–C bonds (5–5/50, β-β, β-1, β-5, etc.), which constitute
complex linkages difficult to degrade by enzymes (Zakzeski et al. 2010; Zhou
et al. 2011).

Fortunately, a certain type of microorganisms (bacteria and fungi) is able to
oxidize and thus depolymerize lignin to gain access to the polysaccharide matrix.
This process is achieved by the secretion of oxidative enzymes such as peroxidases,
monooxygenases, and most importantly laccases (Roth and Spiess 2015).

In biorefinery applications are necessary to pre-treat the biomass to separate the
components. Currently, pre-treatments for biomass are carried out using physical
(steam explosion, high temperatures) or chemical (acid or alkaline treatments,
ozonolysis, etc.) procedures (Barrera et al. 2016). An alternative is to use enzymes,
and laccase has been used to depolymerize lignin in order to get access to the
polysaccharides, which are then saccharified, by cellulases and hemicellulases to
obtain sugar-rich syrups that can be fermented by yeasts or bacteria to obtain
bioethanol (Molina et al. 2014). Most laccases are optimally active at low pHs and
high temperatures, but this provokes that activity is lost rapidly due to enzyme
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inactivation (see Table 1 in Baldrian 2006). It is then important that these enzymes
can withstand extreme conditions because then pre-treatments using laccase in
combination with chemical or physical pre-treatments could result in a beneficial
synergistic mode of obtaining biomass components. Several reports have shown
promising results on the use of extremophilic laccases to enhance carbohydrate
recovery from biomass (Brander et al. 2014; Chen et al. 2012; Rezaie et al. 2017;
Guerriero et al. 2015).

7.2 Pulp and Paper Industry

Paper is produced from wood and consists mainly of cellulose, so it is necessary to
remove the lignin from the wood pulp. Currently, oxygen chlorine-based
delignification, oxygen delignification, or bleaching procedures are used to treat
the wood pulp in order to manufacture paper (Carter et al. 1997; Ramesh et al. 2017).
However, these methods cause environmental concerns because of the chemical
wastes that are generated (e.g., hydrogen peroxide or chlorine derivatives). A more
environmentally friendly alternative is the use of enzymes, which besides maintain
better integrity of cellulose due to its specificity (Yang et al. 2018a, b). However,
there are still challenges regarding costs of production (Ramesh et al. 2017). So a
cost-effective, environmentally friendly and specific process could be achieved
using extremophilic enzymes, especially laccase, which specifically removes lignin,
preserving the carbohydrate structure of wood pulp (Rezaie et al. 2017; Navas et al.
2019).

7.3 Textile Industry

The dyes used in the textile industry are synthetic and thus many times toxic and
recalcitrant due to its chemical structure, which renders them resistant to decolori-
zation by chemicals such as detergents, high temperatures, and reactive oxidative
species such as H2O2 or light (Chandra et al. 2017). Besides, the dying process itself
is carried out in conditions in which mesophilic enzymes would denature (high
temperatures, acidic pH, high NaCl concentrations, organic products, etc.). So,
wastewaters from the textile industry are a problem because they can have cata-
strophic effects in rivers, lakes, and other water bodies because they reduce light
income to the system and reduce oxygen solubility, and many of them are toxic due
to heavy metals in their structure, or they can generate amines which can cause
mutations and are carcinogenic.

For this reason, wastewater from textile industries must be treated before
discharging, although currently most of it goes untreated to the ecosystems. Tradi-
tionally, chemical treatments have been used for dye degradation such as
ozonification, photocatalytic degradation, oxidation by Fenton’s reagent, etc. Also,
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physical methods such as adsorption or filtration are used. However, a large hope is
placed in biodegradation of industrial dyes by extremophilic microorganisms, espe-
cially those that can produce laccases (Amoozegar et al. 2015). Since extremophilic
laccases can withstand harsh conditions, they can be combined with other methods
that require low pH values and high temperatures or metal ions in coexistence of
inorganic solvents, for example (Hayat et al. 2015; Zhuo et al. 2015; Singh et al.
2019a, b). Being unspecific oxidases, extremophilic laccases are promising enzymes
for synthetic dye decolorization (Rodríguez-Couto 2019). For example, a thermo-
stable laccase from the basidiomycete fungus Pycnoporus sanguineus was heterol-
ogously expressed in Trichoderma atroviride achieving a substantial amount of azo
dyes decolorization (Balcázar et al. 2016).

7.4 Bioremediation

Currently, a plethora of xenobiotic compounds is released into the biosphere both
from natural and artificial sources. Natural xenobiotic compounds are mainly heavy
metals (Ortiz et al. 2018) and polycyclic aromatic hydrocarbons (PAHs) from
incomplete wood combustion or volcanic emanations (Hussein and Mansour
2016). Anthropogenic sources of xenobiotics also include PHAs from the oil and
gas industry, together with pesticides, industrial dyes, explosives, endocrine
disruptors, and pharmaceutical products. These compounds are found in air, water,
and soils, so their impact in living forms is disastrous (Giuliani et al. 2015; Hussein
and Mansour 2016). Laccase promiscuity toward its substrates has been widely used
to treat xenobiotic pollution, especially in soil and water, but also in the air (Sharma
et al. 2018; Vergara et al. 2018). An advantage of laccases is that they can use low-
molecular-weight mediators to oxidize compounds with nonoptimal redox potential
for the enzyme, so they have proved to degrade a huge variety of xenobiotic
compounds (Sharma et al. 2018).

For the treatment of xenobiotic compounds, enzyme immobilization is a method
that has resulted in a more efficient process to cope with enzyme stability and
re-usage. Several substrates have been used to immobilize enzymes that can now
be used in columns or aqueous beds to treat polluted waters (Zhong et al. 2017;
Zheng et al. 2016). An advantage of this technique is that natural substrates as porous
rocks or natural fibers can be used to immobilize the laccases, and then recycling
results in low-cost strategies (Abdel et al. 2013).

A problem to consider in which extremophile laccases could help is that many of
the aforementioned xenobiotic compounds have very limited solubility in water.
This fact can reduce the concentration at which many PAHs, pesticides endocrine
disruptors, etc. can be oxidized by these kinds of enzymes. To overcome this
difficulty, organic solvents could be used to prepare solutions in which the xenobi-
otic compound could be more concentrated, but to achieve this, the laccase must be
robust (Fig. 8). Extremophilic laccases fulfill this criterion (Lončar et al. 2016; Yang
et al. 2018a, b).
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8 Application: Perspectives

Stability, half-time life, amount of activity, and cost are factors that still hamper the
use of enzymes for biotechnological purposes. To look for commercial applications
which are cost rendering, the temperature-dependent catalytic properties of laccases
are most important. Extremophilic organisms have been selected to produce
enzymes with robust characteristics regarding thermal stability, organic solvent
resistance, performance in the presence of metals or high salt conditions, etc.
Thus, these organisms represent an invaluable source of enzymes which, if properly
isolated and characterized, could bridge the cost-limiting effect of denaturation of
mesophilic enzymes. Metagenomic prospection is also a most promising tool for the
isolation of extremophilic laccases without the need of culturing extremophile
organisms, which precisely by their nature could be an impairment (Batista et al.
2016). An important bottleneck for obtaining industrially cost-effective enzymes is
laccase expression. Usually, yeasts have been a choice for laccase expression since
they are single-celled organisms that proliferate in simple media and have a rapid
doubling time. However, although some promising reports are arising using Pichia
pastoris (Zerva et al. 2019), best results are obtained with filamentous fungi as host
for the heterologous laccase genes (Wikee et al. 2019; Wang et al. 2017). Although
laccases were originally discovered in plants, expression in these organisms has
proved to be difficult (De-Jesús et al. 2019). Despite some limitations, extremophilic
laccases still represent the best option to use for biotechnological applications.

Fig. 8 Biochemical properties and substrates exhibited for several laccases. Reprinted from J Mol
Catal B Enzym 134, Lončar N, Božić N, and Vujčić Z, Expression and characterization of a
thermostable organic solvent-tolerant laccase from Bacillus licheniformis ATCC 9945a, 390–395,
copyright © 2016, with permission from Elsevier
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