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Chapter 5

Pleurotus ostreatus: A Biofactory

for Lignin-Degrading Enzymes of Diverse
Industrial Applications

Hesham El Enshasy, Farid Agouillal, Zarani Mat, Roslinda Abd Malek,
Siti Zulaiha Hanapi, Ong Mei Leng, Daniel Joe Dailin, and Dalia Sukmawati

5.1 Introduction

Mushrooms have been recognized as important food and medicine in many ancient
civilizations (EI Enshasy et al. 2013). These are based on their high nutrient con-
tents of carbohydrates, proteins, vitamins, minerals, and many other growth-pro-
moting ingredients (Eleftherios et al. 2014; Maftoun et al. 2015). Nowadays, of
thousands types of mushroom studied, Pleurotus sp. is considered as one of the top
three economically important and widely grown mushrooms beside Agaricus and
Lentinula. Pleurotus ostreatus (widely known as oyster mushroom) gained more
interest in the recent years not only because of their high nutritional value but also
due to the high content of bioactive polysaccharides and other metabolites of high
medicinal values. These compounds exhibited immunomodulatory, antitumor,
antioxidant, anti-inflammatory, antihyperglycemic, antihypocholesterolemic,
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antimicrobial, and antithrombotic properties (El Enshasy et al. 2012; El Enshasy
and Hatti-Kaul 2013; Mohamed and Farghaly 2014; Correa et al. 2016). The thera-
peutic effect of oyster mushroom extract and pure bioactive compounds has been
studied and proved in many in vivo and in vitro studies (Ryu et al. 2014; Elsayed
et al. 2014; Younis et al. 2015; Masri et al. 2017).

In addition, P. ostreatus gained more interest than other types of mushrooms
based on their ability to grow on large number of substrates and under different
environmental conditions (tropical and subtropical region), high capacity to pro-
duce a large number of hydrolases, and ease of cultivation both in solid-state fer-
mentation and in submerged cultivation system as well as higher growth rate
compared to other types of mushrooms (El Enshasy et al. 2010; Maftoun et al.
2013). However, to survive in nature, mushrooms should be able to degrade com-
plex lignocellulosic materials by different hydrolytic enzymes to break the complex
structure of wood and utilize the produced sugars as substrate for growth and metab-
olite production. Therefore, mushrooms are well known for their high capacity to
produce and excrete different types of enzymes of wide range of hydrolytic activi-
ties. Therefore, this chapter will provide the latest information about the enzyme
systems of this type of mushroom and their potential application in different
industries.

5.2 Understanding Lignin Structure

Lignins constitute with cellulose and hemicelluloses the three major components of
lignocellulosic biomass. They are the second most abundant terrestrial polymers
and carbon source after cellulose (Evers et al. 1999; Boerjan et al. 2003). In 1813,
A. P. de Candolle has firstly named the substance as “lignine” based on the Latin
word lignum which means “wood.” He described lignin as a fibrous, tasteless mate-
rial, insoluble in water and alcohol, but soluble in weak alkaline solutions and which
can be precipitated from solution using acid. The typical composition of the dry
weight of wood, considered as a whole, is about 50% cellulose, 25% lignin, 20-25%
hemicellulose, and 1-4% pectin (Camarero et al. 2014).
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Cellulose forms basically a skeleton that is bounded by hemicelluloses and lig-
nin (Sakakibari 1980). Lignin, a polyphenolic amorphous polymer, is the essential
natural glue that fills the spaces between cellulose and hemicellulose and acts like a
resin that holds the plants’ lignocellulose matrix together (Ritter 2008; Carmen
2009). Through this cross-linking with cellulose, lignin not only confers the
strength, rigidity, and flexibility as well as aids in water transport to the plant but
represents also the most significant barrier to wood decay by insects/microorgan-
isms attacks and prevents the access of low molecular weight diffusible agents
(Zakzeski et al. 2010).

In chemical point of view, lignin is a heterogeneous complex class of compounds
that changes according to biomass source and isolation technique (Johnson 2002).
However, many aspects in the chemistry of lignin still remain unclear due to its high
complex structure (Pouteau et al. 2003); However, the lignin classification as grass,
hardwood, and softwood is based on the ratios of three major phenylpropene mono-
mers which vary according to the plant species, plant tissue, individual cell types,
and cell wall layers (Faix 1991). In general, both native lignin (as present in biomass)
and technical lignin (isolated from biomass through various processes) have three-
dimensional amorphous polymer made up of methoxylated phenylpropane aromatic
units structures of p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol (Chakar
and Ragauskas 2004). These phenylpropene monomers are randomly cross-linked
polymers arising from an enzyme-mediated dehydrogenative polymerization of three
phenylpropane monomer precursors (cinnamyl alcohol: coniferyl, synapyl, and
p-coumaryl alcohols) (Kleinert and Barth 2008; Wong 2009). These three monoli-
gnols (phenylpropene units of lignins) shown in Fig. 5.1 are as follows:

OH OH OH
= == =~
OCH4 H3CO OCHz
OH OH OH
P-Coumaryl Coniferyl Sinapyl
alcohol alcohol alcohol
OCH,4 H,CO OCH,
0 0 ~0
P-Hydroxyphenyl unit (H) Guaiacyl unit (G)

Syringyl unit (S)

Fig. 5.1 The chemical structure of the primary lignin building blocks and their corresponding
lignin polymer monomeric units (Zakzeski et al. 2010; Abdel-Hamid et al. 2013)
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* Guaiacyl (G) units from the precursor trans-coniferyl-alcohol
e Syringyl (S) units from trans-sinapyl-alcohol
e p-Hydroxyphenyl (H) units from the precursor trans-p-coumaryl alcohol

Then, grass lignin is built up by the three monomeric units (G, S, and H), hard-
wood lignin contains roughly equal amounts of (G) and (S) units, and softwood
lignin is composed mainly of (G) units (Faix 1991).

5.2.1 Lignocellulose Processing and Industrial Applications

For more economic profitability, lignocellulosic biorefinery produces multiple
products, including fuels, and bulk or fine chemicals, from biomass, analogically
compared to a petroleum refinery, which produces fuels and chemicals from crude
oil (Zhang 2008; Rastegari et al. 2019). In order to achieve a high energy impact and
an economically viable biorefinery, the valorization of all components of lignocel-
lulosic biomass should be carried out (Abdel-Hamid et al. 2013). With various aro-
matic structures, many authors claim that lignin has a special industrial interest
offering the feasibility of replacing relevant aromatic polymeric and fine chemicals
(Duval and Lawoko 2014; Norgren and Edlund 2014; Laurichesse and Avérous
2014; Thakur and Thakur 2015; Thakur et al. 2014).

Lignins are usually considered as waste products of pulp and paper industry and
had limited industrial uses. However, in 1998, only 1% of the lignin produced was
used in valuable industrial processes. About 50 million tons of lignin were esti-
mated to be extracted annually from woody biomass for the pulp and paper industry
and applied as dispersants, adhesives, and surfactants (Cohen et al. 2002; Shah and
Nervd 2002; Karam and Nicell 1997). However, new technologies are currently in
use to valorization and converting lignin into value-added chemicals; then, a bio-
mass fractionation technology has been developed by PureVision Technology, Inc.,
to produce value-added low molecular weight lignin as a coproduct to the cellulose
stream and also as fuel substrate (Chheda et al. 2007).

In energy production process, the lignin fraction acts as a barrier against enzyme
or microbial penetration through lignocelluloses decreasing the fermentable sugar
yields and affecting negatively the overall biofuel development, making it an uneco-
nomical process (Margeot et al. 2009; Menon and Rao 2012). Essential mechanical,
thermomechanical, and thermochemical pretreatment strategies to overcome this
limitation have been reported by many authors (Margeot et al. 2009; Frigon and
Guiot 2010; Kumar et al. 2009) and could be summarized as follows:

e Mechanical particle size reduction including both of wet, dry, ball, or vibratory
ball milling and other forms of biomass grinding (Sarkar et al. 2012; Agbor et al.
2011).

e Thermochemical hydrolysis at temperatures between 140 °C and 180 °C, using
a dilute solution of sulfuric acid (0.5-2%) for 10-30 minutes as residence times
for rendering the carbohydrate fraction (Yang and Lu 2010).
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e Thermomechanical steam explosion heating briefly the biomass to high tempera-
tures (~200 °C) under high pressure followed by a rapid pressure drop that makes
the biomass more penetrable for subsequent fermentation (Chandra et al. 2007).

* Microwaves heating at short time create localized hotspots and open up the lig-
nocelluloses biomass, facilitating enzyme access for saccharification (Canam
et al. 2013).

e Organosolv process modifying chemically and removing low molecular weight
lignin fractions from biomass using alcohols such as ethanol, methanol, or other
solvents at high-temperature extraction. In this process, some dilute acids like
hydrochloric and sulfuric acid are used as a catalyst (Agbor et al. 2011).

* As natural modification and degradation of the lignin component, biological pre-
treatments can reduce the severity requirements of obvious pretreatment strate-
gies. The exploitation of the capacity to access and to modify the lignocellulosic
biomass by microorganisms was studied by several authors such as Itoh et al.
(2003) who used a variety of lignin-degrading white-rot fungi pretreatments fol-
lowed by extracting lignin by an organosolv method from wood chips. This pro-
cess leads to saving of electricity up to 15% and increases the ethanol yield
obtained from the solid fraction.

The enzymatic degradation of lignocellulose by microbial consortia or lignin-
degrading fungi involves both oxidative and hydrolytic mechanisms based on OH
radical reactivities. Attack on the hydroxyl group in lignin subunits by abstracting
aliphatic hydrogens and adding to aromatic rings results in benzyl ketone produc-
tion and hydroxylated cyclohexadienyl radical generation occurring on subsequent
C-C bond cleavage and degradative chain reactions (Gierer 1990). This leads to
decreasing energy requirements, less producing of fermentation-inhibiting sub-
stances. Thus, biological pretreatment of lignocellulosic materials is very useful
when incorporated into any economical biorefinery strategies for biofuels and/or
metabolite production (Isroi et al. 2011; Chen et al. 2010). In pulp and paper indus-
tries, processed lignin is produced traditionally through three distinct processes:
kraft lignin, lignosulfonate lignin, and organosolv lignin (Doherty et al. 2011).
Other than renewable bioenergy resources and pulp and paper industry supplement,
significant progress is being made in research for the feasibility of a variety of appli-
cations of lignin or lignin-related product as a resource for chemicals and materials.
For this, two different strategies are followed for lignin conversion to value-added
components, either controlled depolymerization into small molecules (Li et al.
2015; Behling et al. 2016) or building block to synthesize new functional materials
(Kai et al. 2016; Upton and Kasko 2016). Possessing multiple functional groups
that can form inter- and intramolecular hydrogen bonding, lignin is considered as an
alternative source for the production of more value-added chemicals according to its
compatibility with host matrices (Karam and Nicell 1997; Doherty et al. 2011;
Wang et al. 2016). This compatibility which is improved by chemical modification
(oxyalkylation or hydroxyalkylation) minimizing lignin molecules’ auto-association
(Zhao et al. 2016; Feldman et al. 2001; Maldhure et al. 2012). Gallezot (2007)
indicated that three potential strategies for lignin valorization to produce fine chemi-
cals with a high degree of functionality can be adopted.
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The first strategy acts on gasifying lignin allowed to synthesize gas or degraded
by pyrolysis to a mixture of small molecules. The second strategy turns, in the first
step, the functional groups present into the lignin monomers’ simple aromatic com-
pounds such as phenol, benzene, toluene, and xylene. In a second step, bulk and fine
chemicals are produced using catalytic technology developed for petroleum refiner-
ies. Finally, using highly selective catalysts in a one-pot approach, the third strategy
converses directly the biomass to valuable chemicals (Karam and Nicell 1997;
Dobherty et al. 2011; Thakur et al. 2014; Chatterjee and Saito 2015; Liu et al. 2015).
Then, several value-added chemicals are produced including:

1. Lignin: as a filler or additive in polymers and biopolymers — usually at less than
20-30% of total weight

2. Lignin-derived functional materials such as carbon fibers, activated carbon,
adhesives, and foams

3. Lignosulfonates: as dispersants, water reducer in concrete, additive in coal-water
slurry, or viscosity reducer

In addition, in light of renewed interest in promoting value-added applications of
lignin, it is expected recently lignin nanoparticles will play a vital role in promoting
lignin valorization in polymer industry (Stark et al. 2015).

5.2.2 Lignin Degradation

Lignin is a complex polymer with very low degradation rate in nature. The biodeg-
radation which is carried out by wood-rotting fungi constitutes a key step for carbon
cycling in nature, as well as for the industrial use of plant biomass by increasing
accessibility to cellulose. It is an oxidative process that has been investigated for
decades as a model for biotechnological application in the pulp and paper indus-
tries, animal feeding, and bioethanol production. Ligninolytic oxidoreductases (lac-
cases and different types of peroxidases) secreted by wood-rotting fungi are the sole
enzymes able to oxidize the phenylpropane lignin units (Schwarze 2007; Yadav
et al. 2016, 2018). However, different enzymes have been reported for their role in
lignin degradation such as lignin peroxidase (LiP), manganese peroxidase (MnP),
aryl alcohol oxidase (AAO), and glyoxal oxidase (GLOX) as shown in Fig. 5.2.

The main enzymes associated with lignin degradation are laccases, lignin peroxi-
dases, and manganese peroxidases; while some white-rot fungi produce all the three
classes of enzymes, others produce only one or two (Hatakka 1994). Laccases are
multicopper enzymes, which catalyze the oxidation of phenolic compounds includ-
ing a range of dyes with concomitant reduction of oxygen (Eggert et al. 1996;
Chivukula and Renganathan 1995; Munoz et al. 1997). Recent interest in laccase is,
in part, a consequence of the findings that the substrate range of laccase can be
expanded to include non-phenolic dyes, eventually in the presence of suitable medi-
ators (Bourbonnais and Paice 1990).
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( LIGNIN ]
Phenolic Structure AAO/GLOX MNon-Phenolic Structure ]
Mn2* H,0, H,0, MED 0,
Laccase MnP/V Hzoz Lip/vP Laccase
Mn3* MED e
[ Intermediate Radicals ]
[ Degraded/Modified Lignin ]

Fig. 5.2 Lignin-degrading enzymes’ actions. LiP lignin peroxidase; MnP manganese peroxidase;
AAO aryl alcohol oxidase; GLOX glyoxal oxidase; VP versatile peroxidase; MED mediator.
(Modified from Abdel-Hamid et al. 2013)

5.3 Laccase (EC 1.1.2.2)

Mushrooms excrete different oxidative, hydrolytic, and non-hydrolytic enzymes
that act synergistically to hydrolyze the complex chemical structure which is com-
posed of cellulose, hemicelluloses, and lignin (Guerriero et al. 2015). Laccases and
class II peroxidases belong to the oxidative enzymes including lignin peroxidase,
manganese peroxidase, and hybrid lignin/manganese versatile peroxidase which
catalyze the cleavage of C-C and C-O-C bonds in a wide variety of organic com-
pounds, such as lignin and polyphenolic structures (Ertan et al. 2012; Siddiqui et al.
2014). Laccases (or phenoloxidase) were firstly described and identified in 1883 by
Yoshida, from the Japanese lacquer tree Rhus vernicifera. They are phenol-oxidizing
enzymes and listed as ecofriendly catalyzing variety of reactions involving one-
electron oxidation with water generation (Hao et al. 2007; Javed et al. 2017).
Laccases are widespread in nature and have been found in non-microbial sources
(plants and insects) and in microbial sources (Thurston 1994; Brijwani et al. 2010;
Mayer and Staples 2002; Santhanam et al. 2011; Yavuz et al. 2014). As shown in
Table 5.1, the genus Pleurotus showed strong laccase activity (Silva et al. 2012;
Alexandrino et al. 2007; Sethuraman et al. 1999; Ardon et al. 1996). P. ostreatus
produces many extracellular enzymes with strong ability for lignin degradation and
substrate oxidation. Therefore, this mushroom attracted attention because of its high
potential for biofactory laccase production for many biotechnology applications
(Karas et al. 2011; Faraco et al. 2009; Pezzella et al. 2013).
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5.3.1 Laccases Structure and Mechanism of Reaction

Laccase (EC 1.10.3.2), or benzenediol: oxygen oxidoreductases, belongs to a group
of phenol oxidizers enzymes called blue multicopper oxidases, which are consid-
ered generally as part of the monomeric glycoprotein group. This group of enzyme
is mainly exocellular enzyme that can oxidize phenols and aromatic compounds
including amines, esters, and ethers (Rathinasamy and Thayumanavan 2010;
Solomon et al. 1996). They act by reducing the molecular oxygen to water and cata-
lyzing the oxidation of ortho- and para-aminophenols, diphenols, aryl diamines,
polyphenols, polyamines, and lignin (Shleev et al. 2006a, b). Therefore, laccases
can involve in the degradation of a wide range of xenoaromatics substrates such as
textile dyes, polychlorinated biphenyls, polycyclic aromatic hydrocarbons, pesti-
cides, and synthetic polymers (Mester and Tien 2000; Bezalel et al. 1997; Novotny
et al. 2000; Riva 2006; Yadav et al. 2019a, b). Regarding this high nonspecific oxi-
dation capacity, laccases derive interests and attraction from researchers to be used
as biocatalysts for many industrial and biotechnological applications, from food
processing to environmental technologies through textile and paper industry. Recent
research showed also the potential applications of laccases in nanobiotechnology
and biomedicine (Mayer and Staples 2002; Jurado et al. 2009; Zhuo et al. 2011;
Javed et al. 2017).

Based on genetic research, four different genes and their corresponding cDNAs
have been identified from P. ostreatus and named pox! (laccase isoenzyme not yet
identified) (Giardina et al. 1995), pox2 or poxc (Giardina et al. 1996), poxalb
(Giardina et al. 1999), and poxa3 (Palmieri et al. 2003). According to Mot and
Silaghi-Dumitrescu (2012), the structure of laccases is held up by monomeric units
consisting of three domains which are arranged in a sequence to form a barrel-type
structure. The same study reported that fungal laccases lack high-order oligomeric
assemblies making the crystal lattice and are found generally as monomers.

According to Hoegger et al. (2006), laccases have four catalytic copper atoms in
their structure organized in two individual sites that bind the reducing substrate and
O, The substrate oxidation site contains a paramagnetic type 1 copper (T1 or T1Cu)
responsible for the characteristic blue color of the enzyme in the reduced resting
environment. Another copper (T2 or T2Cu) contributes in catalytic and redox activ-
ity site coordinated by three histidines. The two other coppers (T3 or T3Cu) are
responsible for the activation and O, transport and substrate oxygenation and coor-
dinated by three histidines (Hoegger et al. 2006). Both T2Cu and the two T3Cu are
clustered at 12 A from the T1Cu and form a tri-nuclear site as shown in Fig. 5.3,
where O, is reduced to two molecules of water, receiving four consecutive electrons
from four independent mono-oxidation reactions at the T1Cu site through a strictly
conserved His-Cys-His electron transfer route (Mot and Silaghi-Dumitrescu 2012).

Beyond this molecular configuration, other enzymes can include also 2, 3, or 6
copper atoms (Gil et al. 2009; Messerschmidt and Huber 1990). The high potential
of copper T1 is of great interest to biotechnologists because of its geometry. In this
site, around the T1 copper atom, two histidines and one cysteine which are orga-
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Fig. 5.3 Representation of a native fungus laccase from Trametes hirsute (Left), showing the cop-
per ions organization (Right). http://www.rcsb.org/pdb/explore/jmol.do?structureld=3FPXopt=3

nized three-dimensionally with two other residues are weakly coordinated from the
axial position. One of these residues is isoleucine, and the other can be phenylala-
nine, leucine, or methionine depending on the type of laccase characterized and
reduction potential (Rodgers et al. 2010; Rivera-Hoyos et al. 2013). Several authors
have reported that more than one laccase isozyme is secreted by fungi (Soden and
Dobson 2001; Hoshida et al. 2001; Palmieri et al. 2003; Rodriguez et al. 2008). At
least, eight different laccase isoenzymes are produced by P. ostreatus and six of
which have been isolated and fully characterized (Giardina et al. 1999; Pezzella
et al. 2009; Palmieri et al. 1993, 1997, 2003). The most abundant protein present in
the P. ostreatus cultures is POXC (59-kDa with pI 2.7). The enzymes POXA1b and
POXA1w have a similar molecular weight around 61 kDa, while POXA2, POXBI1,
and POXB?2 isoenzymes are of higher molecular weight around 67 kDa. POXA3a
and POXA3b are heterodimers and composed of small (16 or 18 kDa) and large
(61 kDa) subunits (Palmieri et al. 1997; Giardina et al. 1999).

However, several studies reported that P. ostreatus produces mainly three laccase
isoenzymes called POXCs (Giardina et al. 1996): POXA 1w, the white laccase iso-
enzyme with a singular metal content (Palmieri et al. 1997); POXA1b, the more
stable isoenzyme at alkaline pH (Giardina et al. 1999); and the heterodimeric lac-
case isoenzyme POXA3 (Palmieri et al. 2003; Giardina et al. 2007; Faraco et al.
2008) with two forms, POXA3a and POXA3b (Palmieri et al. 2003; Giardina et al.
2007), that exhibit unusual structural features, being heterodimeric enzymes
(Wahleithner et al. 1996; Yaver et al. 1996). These laccase isoenzymes are endowed
with quaternary structure, consisting of two subunits of different molecular weights
(Faraco et al. 2008). Palmieri et al. (1997) reported that the two laccase isoenzymes
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POXA1 and POXA?2 are monomeric glycoproteins containing 3% and 9% carbohy-
drate with pl values of 6.7 and 4.0, respectively. The sequencing of the N terminus
and three tryptic peptides of POXA1 reveals clear homology with laccases from
other microorganisms, while POXA?2 showed a blocked N terminus. However,
POXA1 showed remarkable high stability at relatively wide range of temperature
and pH values, whereas POXA?2 is less stable at high temperature (Palmieri et al.
1997). The molecular weights of the two laccase isoenzymes were determined with
three different methods. Sodium dodecyl sulfate polyacrylamide gel electrophoresis
shown that the Mwt of POXA1 and POXA?2 are of about 61 and 67 kDa; Gel filtra-
tion in native conditions shows a Mwt of about 54 and 59 kDa; Finally, matrix-
assisted laser desorption ionization mass spectrometry was applied for POXA1 and
give 61 kDa (Palmieri et al. 1997). Substrates with specific linkages and structural
similarity with lignin, an amorphous polyphenolic polymer, can induce laccase
activity. In addition, a wide range of aromatic compounds can be oxidized by lac-
cases with concomitant water generation by reduction of molecular oxygen
(Thurston 1994; Ullah et al. 2000).

In general, laccase is not able to oxidize substrates with lower redox potential
like non-phenolic compounds. However, Call and Miicke (1997) have reported that
the oxidation can be catalyzed in the presence of electron transfer mediators.
Oxidation of substrates with chemical structure smilar to lignin like amino-phenols,
orth- and para-diphenols, polyamines, aryl diamines, lignins and polyphenols is
also carried out using the same mechanism. Then, laccases can act on many sub-
stances such as agricultural inputs, pesticides and herbicides, and dyes used in many
industrial processes which must be degraded before being discarded (Morozova
et al. 2007).

According to Baldrian (2006), more than 100 fungal laccases are purified and
characterized and usually with optimal activity at acidic pH range with a tempera-
tures range from 50 to 70 °C. Table 5.1 summarizes some other characteristics of
laccase isoenzymes from Pleurotus ostreatus strains. As reported by Palmieri et al.
(1993, 1997), generally, for the P. ostreatus laccase POXC, the optimal pH is already
acidic for both ABTS and DMP degradation but around 6 for guaiacol and syrin-
galdazine with a range of optimum temperature from 50 to 60 °C (Palmieri et al.
1993, 1997). Studying the two laccase isoenzymes POXA1 and POXA2 from P.
ostreatus, Palmieri et al. (1997) reported that POXA?2 acts with an acidic optimum
pH of 3 for ABTS as substrate but an optimal pH of around 6 with other substrates
like DMP, guaiacol, and syringaldazine, with optimum range of temperature
between 25 and 35 °C. Both POXAland POXA?2 isoenzymes oxidize ABTS and
syringaldazine, but POXAI is unable to oxidize guaiacol (Palmieri et al. 1997).

5.3.2 Laccase Production and Bioprocessing

P. ostreatus grows naturally on tree stumps and can be easily cultured in the labora-
tory scale. However, most of mushroom cultivars usually use cereal straw-based
substrates (Arjona et al. 2009). Different parameters influence the laccase
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production which is linked to a complex regulation of nutrients that affects directly
the molecular expression. These include the type and concentration of carbon and
nitrogen sources used, C/N ratio, and also the presence of some inducers and their
concentrations (Terrén et al. 2004). Beside the nutritional factors, the production of
laccase by P. ostreatus is influenced by other factors such as pH, the fermentation
technique applied, and cultivation conditions like agitation, aeration, cultivation
time, and many other factors (Terrén et al. 2004; Soden and Dobson (2001);
Periasamy and Palvannan 2010; Janusz et al. 2007).

Different studies were focused on the optimization of the fermentation medium
for laccase production by P. ostreatus to facilitate economic design of the full-scale
fermentation operation systems. Studies include the investigation of the effect of
carbon and nitrogen source (Stajic et al. 2006a; Liu et al. 2009), addition of some
metal ions (Soden and Dobson 2001; Collins and Dobson 1997; Galhaup and
Haltrich 2001; Galhaup et al. 2002; Baldrian and Gabriel 2002), and addition of
aromatic compounds as inducers (Gonzdlez et al. 2003; De Souza et al. 2004; Terrén
et al. 2004; Krishna et al. 2005a).

5.3.2.1 Media Composition and Cultivation Conditions

It has been reported that increasing the concentrations of glucose, wheat bran, urea,
yeast extract, KH,PO, and inoculums can increase laccase production (Krishna
et al. 2005a; Fernandez-Fernandez et al. 2013). The works of Ardon et al. (1998)
and Krishna et al. (2005b) show that the maximal laccase production by P. ostreatus
was obtained within the pH range of 5.0-5.5 in submerged culture. Another study
carried out by Terrén et al. (2004) reported that the presence of nine different aro-
matic compounds, including p-coumaric acid, guaiacol, and ferulic acid, can
enhance laccase activity. Zhuo et al. (2017) studied the effect of aromatic com-
pounds on the transcript levels of laccase genes, and the results have confirmed the
previous results of Nyanhongo et al. (2002) who used ferulic acid as an effective
laccase inducer and show that ferulic acid and vanillic acid have the most pro-
nounced stimulatory effect on laccase gene transcription (Zhuo et al. 2017;
Nyanhongo et al. 2002). Krishna et al. (2005a) reported on the positive effect of
2,5-xylidene addition to culture media after 96 h on laccase production. However,
the inducers’ effects depend on the chemical structure, concentration, and time of its
introduction into the production medium (Pointing et al. 2000; Sethuraman et al.
1998). The production of laccases in P. ostreatus is regulated by the presence of
copper. Therefore, the two dimeric isoenzymes POXC and POXA1b have been
detected only in the presence of copper (Palmieri et al. 2000, 2003).

5.3.2.2 Cultivation Process and Purification
Solid-state fermentation is an interesting operational mode for the production of

laccases by P. ostreatus. For solid-state fermentation, Karp et al. (2012) have
reported a productivity of 151.6 Ug™! after 5 days in sugarcane bagasse-based



118 H. El Enshasy et al.

medium. Several studies have showed high laccase productivity by P. ostreatus in
submerged culture conditions; a productivity of 3500 U L™ was reported by Lenz
and Holker (2004). Tlecuitl-Beristain et al. (2008) have reported 80 UmL™" after
12 days in liquid culture without exogenous inducers (Lettera et al. 2011); also
12.2 UmL™! has been reached after 18 days according to Tlecuitl-Beristain et al.
(2008). Optimizing the laccase production in submerged culture conditions, Krishna
et al. (2005a) and Rathinasamy and Thayumanavan (2010) have increased the lac-
case expression by 32.9%, from 538.8 to 803.3 U, and by 86.8%, from 485.0 to
906.3 U, using P. ostreatus 1804 and P. ostreatus IMI 395545, respectively.

Mansur et al. (2003) studied the secretion of laccase isozymes by P. ostreatus
V-184 with different substrate specificities. They showed that laccase activity
reached 2.4 U mL™" using submerged culture for 14-16 days, at pH 6.5. Krishna
et al. (2005b) have also studied the feasibility of Pleurotus ostreatus 1804 immobi-
lization on polyurethane foam (PUF) cubes in the objective of laccase production in
three different cases of submerged culture system. After 192 hours of cultivation at
5.6 pH, the enzyme yields of free mycelia and immobilized and packed bed reactor
were 272.2 U, 312.6 U, and 392.9 U, respectively.

Rodrigues da Luz et al. (2012) reported also on the potential use of agrowastes
such as coffee husks, eucalyptus sawdust, and eucalyptus bark as substrate in com-
bination with rice bran for laccase production by P. ostreatus as substrates in com-
bination with 20% rice bran. Parenti et al. (2013) have used water polluted with
wheat straw extracts as substrate in submerged cultures incubated in the dark at
25 °C for 24 days with orbital shaking (150 rpm) and reported a laccase activity of
200 UL To separate laccase isoenzymes, Palmieri et al. (1997) have fractioned P.
ostreatus culture broth after 70 h of growth using ammonium sulfate precipitation
followed by anionic exchange chromatography. Five different laccase fractions
were separated (POXA1, POXA2, POXBI1, POXB2, and POXC). Elution with a
saline gradient at around 0.17, 0.18, and 0.32 M NaCl allowed to separate three
isoenzymes POXB1, POXB2, and POXC, respectively, whereas the major laccase
peak activity, corresponding to POXA1, and a fraction of POXA2 were recovered
using the equilibrating buffer (Palmieri et al. 1997).

5.3.3 Applications of Laccase

Since the nineteenth century, laccases are considered as the most effective green
catalyst by many researchers (Javed et al. 2017). Due to their nonspecific and high
oxidative capacity, laccases present a high potential in many industrial and biotech-
nological applications with a great market demand for commercial applications in
detergent, food, cosmetic, paper/pulp, and textile industries. In addition, they have
also many applications in soil bioremediation and wastewater treatment (Shah and
Nervd 2002). Recent studies showed also the potential use in pharmaceutical indus-
tries based on the enzyme ability for transformation of antibiotics and steroids
(Cohen et al. 2002; Wu and Nian 2014; Pezzella et al. 2013; Yadav et al. 2017a, b).
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5.3.3.1 Bioremediation of Environmental Contaminants in Soil

Soil bioremediation is a process applied to recover pollutant from contaminated
soils using bacteria and fungi which degrade these organic compounds, transform-
ing them into compounds that are less or nontoxic. Bioremediation is considered a
safer, cheaper, and more efficient method compared to other physicochemical meth-
ods (Chibuike 2013). Acting on substrates, which are insoluble and very linked to
the soil particles and nonaccessible to bacteria, makes the application of laccases
more attractive. These exocellular enzymes are able to degrade some pollutant com-
pounds similar to lignin such as polyaromatic hydrocarbons, chlorophenols, and
nitrophenols (Chibuike 2013). Action of laccases on the xenobiotics releases inter-
mediate products with more bioavailability and less toxic, which can be more effi-
ciently removed by physicochemical and mechanical processes (Javed et al. 2017;
Viswanath et al. 2014; Zucca et al. 2015). Anthracene, benzopyrene, and organo-
phosphorus compounds, like the nerve agents VX or Russian VX, have been
removed by microbial and fungal laccases (Amitai et al. 1998; Zeng et al. 2016).
Other studies showed also that effluents from sewage treatment containing estro-
genic hormones have been treated using enzymatic systems containing laccases.
Fungal laccase has been used to oxidize the estrogens like estrone, 17b-estradiol,
and 17a-ethynylestradiol (Tanaka et al. 2009).

5.3.3.2 Wastewater Treatment

The appropriate wastewater treatment is important regarding that industrial sewage
can contain many carcinogenic, mutagenic, and teratogenic potential substances
with toxic effects to human, fish, microorganisms, and plant species (Aljeboree
et al. 2014). Using enzymatic processes in wastewater treatment is relatively a new
approach decreasing reagents’ consumption and allowing degradation of many per-
sistent and toxic substances such as dyes, solvents, inks, fertilizers, and pesticides
(Niebisch et al. 2014). One of the applications of laccases in combination with
peroxidases in wastewater treatment is related to the discoloration of wastewater
from textile industry that contains different types of dyes such as azo, triphenyl-
methane, and anthraquinone (Fig. 5.4). Laccases act on the degradation of the
chemical dyes before the final disposal. In this process, immobilized laccases in
alginate beads are commonly used (Niebisch et al. 2014; Peralta-Zamora et al.
1997). Another study by Zhuo et al. (2017) investigated the ability of laccase from
P. ostreatus HAUCC 162 to decolorize six synthetic dyes belonging to different
categories (methyl orange, crystal violet, malachite green, bromophenol blue,
Reactive Blue 4, and Remazol Brilliant Blue R (RBBR)). The results showed that
within 24 hours, and at an initial concentration of 100 mg/L, methyl orange, crystal
violet, malachite green, and bromophenol blue could be decolorized by 81.3%,
87.6%, 85.1%, and 98%, respectively. For Reactive Blue 4 and RBBR, the removal
of 64.6% and 89.1% was achieved, respectively, when using initial concentration up
to 800 mg/L (Rui Zhuo et al. 2017).
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Fig. 5.4 Different synthetic dyes degraded by extracellular laccase from P. ostreatus

Decolorization of crystal violet by laccase from P. ostreatus MTCC142 has also
been studied by Kunjadia et al. (2012), and the results show that 92% of dye decol-
orization can be achieved at an initial concentration of 20 mg/L. Palmieria et al.
(2005) have reported the decolorization of the recalcitrant anthraquinonic dye
Remazol Brilliant Blue R (RBBR) by P. ostreatus on agar plate and also in liquid
media supplemented with veratryl alcohol, where RBBR was completely decolor-
ized in 3 days. Two isoenzyme laccases in mixture (POXC and POXA3) were found
to be responsible for this RBBR transformation under acidic conditions reducing its
toxicity by 95% (Palmieria et al. 2005). Another study by Hongman et al. (2004)
found that the anthraquinone dye SN4R (Remazol Brilliant Blue SN4R) decoloriza-
tion rate was increased by 90% in the presence of ABTS as a mediator of laccase.
The crude laccase alone in the concentration of 30 Uml~! can effectively decolorize
the dye by 66%. Reactive Blue HFRL dye decolorization was also achieved by
using mushroom laccase after 3 days (Devi et al. 2012).

5.3.3.3 Food Industry

Laccases can catalyze homo- and hetero-polymerization reactions needed in fruit
juice processing, in sugar beet pectin gelation, and for wine/beer stabilization
(Osma et al. 2010). In addition, laccases are currently being utilized in baking to
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cross-link biopolymers (Javed et al. 2017). It was also used to preserve and to
increase juice stability by reducing the oxidation of phenolic compounds, the for-
mation of polyphenol and protein is delayed, and there are many studies which
show that laccases can be used for food preservation/stabilization process (Osma
et al. 2010; Sammartino et al. 1998).

5.3.3.4 Paper and Textile Industries

In paper industry, the pretreatment of wood pulp with ligninolytic oxidoreductases
shows special attention to replace the conventional chlorine-based delignification
processes. Unlike peroxidase, the benefit of using laccase is that it requires O, rather
than H,O, (Javed et al. 2017). In addition, use of laccase for phenols grafting to flax
fibers in the production process of paper has been recently studied (Fillat et al. 2012;
Aracri et al. 2010; Virk et al. 2012). Laccases can be used in textile industry for
bleaching processes and they have now replaced the conventional peroxide bleach-
ing to enhancing the whiteness of cotton (Yavuz et al. 2014; Iracheta-Cardenas et al.
2016; Tzanov et al. 2003). Laccase-based products are also applied for denim
bleaching and against fabrics odor (Rodriguez-Couto 2012; Kunamneni et al. 2008).
Different textile dyes like phenoxazine and azo dyes have been produced using lac-
cases based on their ability to oxidize the aromatic compounds (Sousa et al. 2013).

5.3.3.5 Biofuels

Lignocellulosic materials are the most reliable feedstock for bioethanol and other
organic alcohol production in biofuel industries (Kour et al. 2019a). However, based
on the complexity of the material, it requires pretreatment of biomass to eliminate
lignin and thus expose the cellulose/hemicellulose to hydrolytic enzymes. An inter-
esting research showed that P. ostreatus enzymes have potential application in bio-
ethanol production process (Yu et al. 2009). The results showed that the combination
of ultrasonic pretreatment with enzymatic hydrolysis of rice hull showed a maximal
yield by using laccases followed by lignin peroxidase and Mn peroxidase (Yu et al.
2009).

5.3.3.6 Biomedical, Pharmaceutical, and Cosmetic Industries

Based on the ability of laccases to catalyze reactions by direct electron transfer,
developing biosensors based on laccases systems attracts scientists for many bio-
medicine application like in insulin, morphine, and codeine analysis (Rodriguez-
Delgado et al. 2015). In addition, this enzyme can play a potential role in
pharmaceutical industries in many processes such as antibiotic transformation,
amino acid derivatization, and synthesis of metabolically stable analogues
(Piscitelli et al. 2012). Complex medical products have been synthesized by
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laccases, like immunosuppressors (e.g., cyclosporin A), antibiotics (e.g., penicillin
X dimer and cephalosporins), and anticancer drugs (e.g., vinblastine, mitomycin,
and actinomycin) (Kunamneni et al. 2008). By exploiting the oxidative potential of
laccases, many products have been developed in the field of cosmetic industry and
personal care products (Javed et al. 2017). In addition, laccases have been applied
for hair bleaching and dying. Therefore, some cosmetics and dermatological for-
mulations containing laccases were patented and used for skin lightening (Morel
and Christie 2011).

5.4 Manganese Peroxidase (EC 1.11.1.13)

One of the most widely used substrates for P. ostreatus cultivation is wheat
straw, especially in European country. As a white-rot fungus, it can be cultivated
of agro-industrial lignocellulosic wastes (Sanchez 2010). It also has been
described as selective and simultaneous lignocellulose degrader (Banfi et al.
2015). P. ostreatus start to grow at first by easily utilizable and soluble materials
from intra- and intercellular spaces from the plant substrate tissues. After nutri-
ent depletion, the fungal biomass starts to degrade the plant cellulose and lignin
polymers for further growth (Banfi et al. 2015. Lignin degradation is an oxida-
tive and nonspecific process usually carried out by white-rot fungi. Ligninolytic
enzymes, LiP, manganese peroxidase (MnP), and laccase, catalyze the one-elec-
tron oxidation of lignin units producing aromatic radicals that lead to non-enzy-
matic depolymerization. Ligninolytic enzymes, LiP, are the only enzyme able to
oxidize directly non-phenolic ones in the presence of certain compounds (Sarkar
et al. 1997). However, P. ostreatus produces two manganese peroxidase (MnP)
isoenzymes when grown in solid stationary condition on poplar sawdust
(Giardina et al. 2000).

5.4.1 Characterization of MnP

MnP was first described in P. chrysosporium (Kuwahara et al. 1984). Peroxidases
with Mn2-independent activity on phenolic and non-phenolic aromatic com-
pounds were first reported from Pleurotus species (Martinez et al. 1996; Camarero
et al. 1996; Sarkar et al. 1997; Palma et al. 2000). These enzymes have been
considered as MnP, despite differences in catalytic properties with P. chrysospo-
rium MnP, because they show the highest affinity for Mn and the existence of a
characteristic Mn? interaction site has been shown in the molecular model of P.
eryngii Mn2-oxidizing peroxidase (Ruiz-Duefias et al. 1999). Manganese peroxi-
dase (MnP) is the most common lignin-modifying peroxidase produced by
almost all wood-colonizing basidiomycetes causing white-rot and various soil-
colonizing litter-decomposing fungi (Hotrichter 2002; Hatakka 1994; Peldez
et al. 1995).



5 Pleurotus ostreatus: A Biofactory for Lignin-Degrading Enzymes of Diverse... 123

Fig. 5.5 3D Crystal
structure of manganese
peroxidase IV from
Pleurotus ostreatus.
(Source: http://www.rcsb.
org/pdb/explore.
do?structureld=4BM4)

MnP is developed by multiple forms of glycosylated heme protein with molecular
weight between 40 and 50 kDa and secreted by ligninolytic fungi (Fig. 5.5). From
that point, MnP preferentially oxidizes manganese (I) ions (Mn>*", commonly pres-
ent in wood and soils, into highly reactive Mn?**. The trivalent Mn** is then stabilized
by fungal chelators such as oxalic acid. Like other peroxidases, MnP is sensitive to
high concentrations of H,O,, but it can be rescued by Mn?** ions but become quite
unstable in aqueous media. To overcome this drawback, they form complexes with
organic acids naturally secreted by the fungus, such as malonic or oxalic acid
(Hofrichter 2002; Wong 2009). There are three mnp genes, namely mnp 1, mnp2, and
mnp3, that have been isolated, and their products were characterized from P. ostrea-
tus (Asada et al. 1995; Giardina et al. 2000; Irie et al. 2001). Besides, both MnP2 and
MnP3 have been purified (Kamitsuji et al. 2004; Sarkar et al. 1997). However, it is
worth to note that MnP2 from P. ostreatus (strain Florida) did not oxidize non-phe-
nolic compounds such as veratryl alcohol (Giardina et al. 2000). Therefore, the dif-
ference in enzymatic properties between these two MnP2 isozymes might be due to
the differences in posttranslational modification (Kamitsuji et al. 2005).

In fact, the homologous expression system developed by Tsukihara et al. (2006b)
reflects the posttranscriptional modifications, secretion, and stability in the physiological
condition during the enzyme production process in P. ostreatus. Irie et al. (2001) pointed
out the successful molecular breeding of a P. ostreatus strain with high MnP productivity,
using an expression system employing the promoter and terminator sequence of sdil.

5.4.2 Mechanism of Action of MnP

Manganese peroxidase is a heme-containing glycoprotein which requires hydrogen
peroxide as an oxidant. Manganese peroxidase basically oxidases Mn?* to Mn** in
the presence of H,0, and organic acid chelators, such as lactic acid. Mn?*', in turn,
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oxidizes a variety of phenolic substrates (Hotrichter 2002). MnP catalyze the oxida-
tion of several monoaromatic phenol and dyes but depends on both divalent manga-
nese and certain types of buffer. This enzyme has been shown to have the ability to
oxidize non-phenolic substrates in the presence of mediators. Due to the intense
activity in oxidizing a wide variety of aromatic compounds, it exhibited many
potential industrial applications. Mushrooms also produce aryl alcohol oxidase
(AAO), an enzyme participating in hydrogen peroxide production. MnP production
by different Pleurotus species, which were grown in both submerged and solid-state
culture, was shown (Stajic et al. 2006a, b). MnP are considered to be the key
enzymes in the lignin degradation system (Irie et al. 2001). The ability to synthesize
MnP is common among distinct taxonomical groups of basidiomycetes. In addition,
there are fungal MnP producers from rather exotic habitats such as decaying sea
grass, cooling tower wood, and brown coal. The molecular weight of MnP is usually
within the range between 38 and 62.5 kDa, but most purified enzymes have Mwt
around 45 kDa. MnP is often produced in multiple forms, and these isoforms differ
in their isoelectric points which are usually rather acidic (pH 3—4).

5.4.3 Applications of MnP

Manganese peroxidase (MnP) is one of the two extracellular peroxidases secreted
by the lignin-degrading fungus P. ostreatus. Manganese peroxidase has great poten-
tial for industrial waste remediation application such as degrading refractory indus-
trial pollutants (Asgher et al. 2013; Hotrichter 2002). As such, direct disposal of
olive mills waste to aquatic bodies’ results in environmental deterioration due to the
large amount of organic loading discharged (Fountoulakis et al. 2002). MnP was
very helpful in bioremediation of olive mills’ waste. In other applications, MnP is
also valuable for decolorization of synthetic dyes and significant potential applica-
tion for textile industry (Susla et al. 2008; Praveen et al. 2012; Saravanakumar et al.
2013). These complexes function as diffusible oxidants that, in turn, can oxidize
terminal phenolic substrates and also possibly non-phenolic substituents via a radi-
cal mediator (Giardina et al. 2000).

5.5 Versatile Peroxidase (EC 1.11.1.16)

The first study reported on the presence of versatile peroxidases (VP) in Pleurotus
eryngii was revealed by Martinez et al. (1996), and the complete purification of the
enzyme was carried out by Min et al. (2010). To date, little evidence has been found
associating versatile peroxidase in Pleurotus sp. except in few researches estab-
lished for P. ostreatus and P. pulmonarius (Moreira et al. 2007). Versatile peroxi-
dases are glycoprotein with hybrid properties, included in a group of H,O,-dependent
ligninolytic heme peroxidases (POXs) also known as lignin manganese peroxidases,
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since it combines together with catalytic properties of lignin peroxidases (LiP, EC
1.11.1.14) and manganese peroxidases (MnP, EC 1.11.1.13) (Busse et al. 2013). It
is characterized by the similar properties of MnP in oxidizing phenolic and non-
phenolic aromatic compounds as well as its efficient oxidation of Mn** to Mn**
(Tsukihara et al. 2006a). In another major studies, their capabilities in oxidizing
veratryl alcohol, the typical lignin peroxidase (LiP) substrate (Camarero et al. 1999)
and simple phenols, which are the substrates of Coprinopsis cinerea peroxidase
(CIP) has been reported (Ruiz-Duefias et al. 2009). These could conceivably then
recognized that versatile peroxidase as a new family of ligninolytic peroxidases. In
consequence of this, while sharing almost identical heme environment together with
lignin peroxidase (LiP) and manganese peroxidase (MnP), VP differentiates in the
catalytic sites in their molecular structure. VPs form an attractive ligninolytic
enzyme group due to their dual oxidative ability to oxidize Mn(II) and also phenolic
and non-phenolic aromatic compounds (Dashtban et al. 2010). This dual substrate
specificity makes VP powerful to oxidize a variety of high and low redox potential
substrates (Ruiz-Duefas et al. 2011).

5.5.1 Biochemical Characteristics of VP

The biochemical properties of only a few versatile peroxidases of Pleurotus sp. have
been analyzed and studied in details especially in P. eryngii, which is superior than
VP reported in P. chrysosporium (Camarero et al. 1999; Min et al. 2010). However,
the Pleurotus VP isoenzymes were first described as MnP isoenzymes due to their
similarity to Mn-oxidizing activity (Martinez et al. 1996). This has shown that VPs
have high affinity for manganese and dyes, and strongly oxidized 6-dimethoxyphenol
(DMP) and veratryl alcohol (VA) in a manganese-independent reaction (Moreira
et al. 2005). The catalytic cycle of VP consists of three steps as described clearly in
Bjerkandera adusta influenced by pH-independent and pH-dependent steps in the
conversion process (Ertan et al. 2012). The cleavage of H,0, by heme Fe** to Fe*
led to the formation and reduction of compound I and II intermediates. With the
excessive of H,O, in the absence of reducing substrate at low pH (3.0-3.5), the con-
version of compound II to compound III will be carried out which lead to the inac-
tivation of the enzyme (Fig. 5.6). This supports the theory of involvement of LiP and
MnP in the catalytic cycle activities of VP (Wong 2009).

5.5.2 Structural Characteristics of VP

Comprehensive and complete genome sequences for P. ostreatus were done in JGI
(U.S. Department of Energy, Office of Science, Joint Genome Institute; http:/
genome.jgi-psf.org). This facilitated the identification of nine genes encoding mem-
bers of short MnP- and VP-encoding gene family in the inventory of heme
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Fig. 5.6 Catalytic cycle of VP involving the activities of LiP and MnP; VA veratryl alcohol; VAD
veratryl aldehyde (Ertan et al. 2012)

peroxidases of this mushroom (Ruiz-Duefas et al. 2011). Gene-expression analysis
of P. ostreatus has revealed to have five Mn?*-dependent peroxidases encoded with
mnp3, 6,7, 8, and 9, while for versatile peroxidases encoded with MNP1, 2, 4, and
5, VPs all have the related gene and protein structure (Salame et al. 2012). Among
these VPs, MNP3 and MNP2 were demonstrated to be unique in their ability to
oxidize high molecular weight compounds such as Poly R-478 and RNaseA
(Kamitsuji et al. 2005). According to Ruiz-Duefias et al. (2011), two model types of
VPs (137760 and 137766) show genetic variations in only one or two amino acids
from the whole sequence of P. ostreatus MnP1 (GenBank AAA84396) (Asada et al.
1995) and MnP2 (GenBank CAB51617) (Giardina et al. 2000), respectively. A
recent review reported that P. ostreatus genome exhibited three versatile peroxi-
dases (VPs) and six manganese peroxidases (MnPs) in which two of these crystal
structures, VP1 and MnP4, designated dissimilarities at 1.0 to 1.1 A (Fernandez-
Fueyo et al. 2014). The significant differences between these two isoenzymes
involved not to their kinetic constants only, however including the activity Ts, and
residual activity at both acidic and alkaline pH. The findings from the previous stud-
ies make several contributions to a growing body of literatures on VP in Pleurotus
sp. in which the presence of VP has strongly replaced the role of LiP in lignin deg-
radation for P. ostreatus. However, complete purification of VPs from P. ostreatus is
not fully reported yet. Versatile peroxidases from P. eryngii are gaining much atten-
tion so far as it is first revealed to have high redox potential compared to other
Pleurotus group. Generally, versatile peroxidase from P. eryngii was reported to
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have 40 kDa molecular weight and isoelectric point of 4.1. ABTS (2-azino-bis-
(3-ethylbenzothiazoline-6-sulfonic acid) is the best to be used as a substrate, and the
maximal enzyme activity was achieved at 50 °C, pH 3.0 (Min et al. 2010).

5.5.3 Applications of VP

Pleurotus sp. has been described as being able to degrade lignin selectively. The
limited attack to cellulose makes them very interesting in different physicochemical
and biotechnological pretreatment applications related to the use of plant biomass,
including the integrated lignocellulose biorefineries for the future production of
chemicals, materials, and biofuels. The versatile catalytic of VP in biotechnological
and industrial application is due to its high redox potential and unique characteris-
tics in degrading the aromatic compounds without the use of redox mediators and
the presence of polyvalent catalytic sites (Ravichandran and Sridhar 2016). The
ability to direct degradation of a variety of recalcitrant compounds that other peroxi-
dases are not able to oxidize directly represents VPs as unique enzymes. Their
potential applications are not limited to Mn (II) oxidation only but also extend to
VA; phenolic, non-phenolic, high molecular weight compounds; as well as dyes in
Mn-independent reactions (Wong 2009).

In dye treatment, the capacity of P. ostreatus in the degree of decolorization is
depending on the type and concentration of dyes, the ligninolytic enzymes pro-
duced, and reaction conditions. An example of this is the study carried out by
Vishwakarma et al. (2012) in which the treatment of azo dye (direct blue 14) with
enzymes of P. ostreatus has been reported. They reported that immobilized enzymes
can reduce color up to 99% only in 18 hours. However, in contrast to Kahraman
et al. (2012), the color reduction of indigo carmine dye varied from 93% to 64% as
concentration was increased from 50 to 500 mg/L when using dead biomass. The
ability of P. ostreatus to degrade aromatic pollutants such as 2,4-dichlorophenol
(2,4-DCP) and benzo(a)pyrene ([B(a)P] was reported by Rodriguez et al. (2004).
An increasing number of studies have found that versatile peroxidase from Pleurotus
represents an important preference with respect to LiP since no mediator such as
veratryl alcohol could be used.

5.6 Aryl Alcohol Oxidase (EC 1.1.3.7)

Aryl alcohol (AAO) is an extracellular flavoprotein (flavin adenine dinucleotide
(FAD)-dependent proteins) providing the H,O, required by ligninolytic peroxidases
for fungal degradation of lignin (Xiao et al. 2017). Aryl alcohol oxidase (AAO)
which is thermodynamically favorable (Hamdane et al. 2015) has other names in
common use including veratryl alcohol oxidase and aromatic alcohol oxidase. Aryl
alcohol oxidase was first detected in the culture liquid of Polystictus versicolor (a
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synonym of Trametes versicolor) (Farmer et al. 1960) before it is known as best
produced in three species of the genus Pleurotus: P. sajor-caju (Bourbonnais and
Paice 1988), P. eryngii (Guillen et al. 1992), and P. ostreatus (Sannia et al. 1991).
The isolation of the enzyme from basidiomycetes has been first carried out by
Janssen et al. (1965) which later designed this enzyme as “alcohol oxidase” included
as the prosthetic group of the enzymes (Janssen and Ruelius 1968).

Preliminary work in this field was focused mainly on alcohol oxidase in mycelial
extracts of a basidiomycete grown in submerged culture (Kerwin and Ruelius 1969).
In 2000, Varela et al. published a paper in which they described a gene of aryl alcohol
enzymes in the species of Pleurotus and Bjerkandera. Rodriguez et al. (2004) define
evidence that supported the involvement of AAO in lignin degradation as they
observed the simultaneous production of AAO and VP in Pleurotus cultures. However,
previous studies have not studied AAO in much detail, and the molecular characteris-
tics are not yet clearly elucidated except in P. eryngii (Ferreira et al. 2009). P. eryngii
is the first Pleurotus species that has been cloned (Martinez et al. 1994), and a pro-
karyotic heterologous expression system has been developed in order to obtain fully
non-glycosylated AAO for further biochemical and structural studies (Ruiz-Duefias
et al. 2006). However, further study within the species had discovered the best pro-
ducer of AAO is P. ostreatus compared to other species (Kumar and Rapheal 2011).

5.6.1 Biochemical Characteristics of AAO

Aryl alcohol oxidase cooperates with laccase and other peroxidase in the production
of hydroxyl radical, which is believed to be involved in the initial attack of lignocel-
lulosic materials. This is to prevent the repolymerization of laccase oxidation prod-
ucts to occur in order to sustain the lignin degradation process (Goswami et al.
2013). During degradation by Pleurotus species, H,0O, is generated from the expense
of benzylic or other p system-containing primary alcohols such as p-anisaldehyde
and p-anisyl alcohol into corresponding aldehydes (Ferreira et al. 2015). They point
out that in addition to p-anisyl alcohol, the enzyme also oxidizes other polyunsatu-
rated primary alcohols; where flavin reduction by substrate oxidation and re-
oxidation of the reduce enzymes by oxygen before the release of the aldehyde
product. Aromatic radicals that are produced during the reaction then act to catalyze
subsequent degradation, which further generated potentially toxic molecules as
defensive tool for the cells from the environment (Li et al. 2015).

5.6.2 Structure of AAO

Depending on the substrate specificity, group of alcohol oxidase (alcohol: O, oxido-
reductase; EC 1.1.3.x) may contain four different categories: AAO which was cat-
egorized as aromatic alcohol oxidase and others which are short-chain alcohol
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oxidase (SCAO), long-chain alcohol oxidase (LCAO), and secondary alcohol oxi-
dase (SAO) (Goswami et al. 2013). However, SCAO and LCAO are reported as
intracellular in nature. The crystalline structure of AAO was revealed in P. eryngii
by Fernandez et al. (2009) which confirmed to share similar fold topology with
other members of the glucose oxidase from Aspergillus niger (Frederick et al. 1990)
and choline oxidase from Arthrobacter globiformis (Quaye et al. 2008). The use of
single-wavelength anomalous diffraction of a selemethionine derivative obtained by
Escherichia coli expression and in vitro folding had identified that this monomeric
enzyme has two additional structural elements existing in the surroundings of its
active site that modulate the access of substrates, which is absent in the structure of
model GMC oxidoreductase glucose oxidase (Ferndndez et al. 2009). These two
domains were defined as FAD-binding domains, which interact non-covalently with
the proteins, and substrate-binding domain, with a type of funnel-shaped channel
that led the connection between the solvent and the flavin cofactor (Hernandez-
Ortega et al. 2012). The unique properties of AAO associated with its active site,
which is able to bind over a wide range of aromatic ligands, include competitive
inhibitors such as chavicol (4-allylphenol) and p-anisic (4-methoxybenzoic) acid,
while 4-methoxybenzylamine was observed to be the best uncompetitive inhibitor
(Ferreira et al. 2005). Until recently, there has been little interest in AAO. Aryl alco-
hol oxidases from P. ostreatus monomeric glycoproteins were reported to have
67 kDa molecular weight, with optimum pH, and the temperature was found to be
around 6 and 40 °C, while K,, value of AAO for oxidizing veratryl alcohol was
determined to be 0.6 mM, respectively (Kumar and Rapheal 2011).

5.6.3 Applications of AAO

The advantage characteristic of veratryl alcohol oxidase to oxidize various alcohols
irreversibly and selectively without the necessity of cofactors in the catalysis has
gained industrial interest for large-scale production (Goswami et al. 2013; Kerwin
and Ruelius 1969). It is widely known that cellulose and hemicellulose in lignocel-
lulose are the main carbon sources for P. ostreatus (Xiao et al. 2017). In a study by
Kumar and Rapheal (2011), AAO activity was observed to be induced by aromatic
amino acids and aryl alcohols up to a level of 289 U L~!. However, another compo-
nent of lignocelluloses, lignin, was reported to inhibit the growth P. ostreatus
(Barakat et al. 2012). The presence of lignin plays restricting roles in the efficiency
of enzymatic hydrolysis of cellulose and hemicellulose (Kumar et al. 2012). This is
supported by Feldman et al. (2015) who reported on the formation of toxic degrada-
tion products such as 5-hydroxymethylfurfural (HMF). However, by the involve-
ment of aryl alcohol oxidase and other yeast dehydrogenases via heterologous gene
expression, P. ostreatus was capable to metabolize and detoxify HMF while con-
verting it into 2,5-bis-hydroxymethylfuran (HMF alcohol) and 2,5-furandicarbox-
ylic acid (FDCA) (Feldman et al. 2015). The involvement of AAO in lignin
degradation requires either substrate from lignin-derived compounds; phenolic
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aromatic aldehydes and acids that being reduced to alcohol substrates, and aromatic
fungal metabolites, respectively (Herndndez-Ortega et al. 2012).

5.7 Heme-Thiolate Peroxidase (HTP)

Heme-thiolate (or haem-thiolate) proteins belong to the class of thiolate-containing
hemoproteins. Omura (2005) reported that heme-thiolate proteins contain six differ-
ent classes: cytochromes P450, chloroperoxidase (CPO), nitric oxide synthases,
cystathionine f-synthase, protein CoA, and elF2a. The specialty for the heme-
thiolate proteins is based on their function as oxidoreductases in the biological sys-
tems and the most versatile biocatalyst. The thiolate group usually comes from
cysteine residue and is the axial ligand of heme iron, and the cysteine residue in
heme-thiolate peroxidases acts as peroximal axial ligand.

The only known heme-thiolate peroxidases (HTP) are CPO from ascomycete
Leptoxyphium fumago that has been extensively studied (Smith et al. 2015; Ruiz-
Dueiias et al. 2011). CPO was first discovered by Hager and team from marine
fungus Caldariomyces fumago (Shaw and Hager 1959; Morris and Hager 1966;
Hofrichter and Ullrich 2006). CPO is composed of 299 amino acids and uses hydro-
gen peroxide for catalytic process under acidic environment. Research in genome
sequences of ascomycete and basidiomycete has gathered many putative heme-
thiolate CPO sequences, where many were being included in PeroxiBase, a data-
base that has been created for heme and non-heme peroxidases (Ruiz-Duefias et al.
2011; Koua et al. 2009). However, a second heme-thiolate peroxidase has been
reported. It is an aromatic peroxygenase (APO) and first reported in Agrocybe
aegerita (Anh et al. 2007; Ullrich et al. 2004). APO and CPO values are based on
their characteristics such as wide substrate specificity, ability to catalyze halogena-
tion reactions, shared catalases and cytochrome P450 monooxygenases, and ability
to oxygenate aromatic substrates.

Although they shared the same catalytic properties of peroxidases, these two
enzymes differ from typical heme peroxidases in terms of their amino acid sequence,
catalytic activity, and structure. Therefore, they were classified under new heme-
thiolate peroxidase superfamily. Three heme-thiolate peroxidase gene models were
also found in fungus P. ostreatus from genus Pleurotus. All genes were found at
sequences 2—4 with high amino acid identities that are similar to the unpublished
putative CPO of A. bisporus (GenBankCAC03461) (Ruiz-Dueiias et al. 2011).

5.7.1 Biochemical Characteristics of Structure of HTP

CPO of L. fumago have been identified with 21 amino acid N-terminal signal pep-
tide and 52 amino acid C-terminal propeptide (have chaperon-like function). Its
molecular structure has also been experimentally established and is available in



5 Pleurotus ostreatus: A Biofactory for Lignin-Degrading Enzymes of Diverse... 131

Protein Data Bank. Therefore, despite the low amino acid sequence (approximately
20%), its structure has been used as template to get the theoretical models for the
three putative P. ostreatus heme-thiolate peroxidases. Ruiz-Duefias et al. (2011)
studied homology models of the three P. ostreatus heme-thiolate peroxidase and the
crystallographic model of CPO from L. fumago in detail. It has been shown that all
models have cysteine as axial heme ligand. The surrounding residues which stabi-
lize the cysteine-ligand loop by hydrogen bonding are conserved at the proximal
side. The presence of Ala and Cys residues contiguous to the axial Cys in 114464
could reinforce the hydrogen-bonds structure at this site. The models also show that
Glu, Ser, and His are responsible for cation coordination in CPO and suggest differ-
ent catalytic properties (activation rate and mechanism, substrate specificity, etc.)
from P. ostreatus heme-thiolate peroxidases (Ruiz-Dueiias et al. 2011).

5.7.2 Applications of HTP

Peroxidases and peroxygenases are beneficial biocatalyst and can play big role in
the chemical modification of wide range of organic substrates, including regioselec-
tive and stereoselective oxygenations, which are difficult to do using conventional
chemical reaction (Martinez et al. 2014). As a green technology, enzymes can act as
catalyst in chemical syntheses to perform reactions under mild conditions, environ-
mental friendly, and characterized by high specificity and selectivity compared to
traditional chemical methods. The advantages of this enzyme are involvement in the
production of fine chemical and the possibility to catalyze unspecific chlorination
reaction. In addition, it also suitable in bromination and iodation of electrophilic
organic substrates via hypohalous acid as actual halogenating agent (Hofrichter and
Ullrich 2006).

5.8 Other Enzymes Produced by Pleurotus ostreatus

Beside lignin-degrading enzymes, mushrooms have high capacity to produce a wide
range of biocatalysts which were not reported in one type of microorganism.
Previous studies reported on the production of different types of lipases, proteases,
amylases, and polyphenol oxidases (Deepalakshmi and Mirunalini 2014).
Nowadays, Pleurotus sp. has become a major cell factory in the enzyme cocktail
production based on the ease of cultivation and ability to grow on most of agro-
industrial wastes considered as sustainable and green substrate (Saini et al. 2014).
Pleurotus ostreatus can produce and excrete a large number of enzymes including
xylanases (Getachew et al. 2016; Masutti et al. 2015; Raymond et al. 2015;
Karthikeyan 2015; Rodrigues da Luz et al. 2013; Lim et al. 2013; Rodrigues da Luz
et al. 2012; Morais et al. 2005; Qinnghe et al. 2004; Elisashvili et al. 2003), cellu-
lases (Raymond et al. 2015; Lim et al. 2013; Radhika et al. 2013; Rodrigues da Luz
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et al. 2013; Daba et al. 2011; Sherief et al. 2010), pectinases (Masutti et al. 2015;
Raymond et al. 2015; Morales Huerta et al. 2014; Sherief et al. 2010), proteases
(Ergun and Urek 2017; Genier et al. 2015; Lebedeva and Proskuryakov 2009;
Palmieri et al. 2001), amylases (Ergun and Urek 2017; Lim et al. 2013; Akinyele
et al. 2010; Rashad et al. 2009), and lipases (Wijayati et al. 2017; Guarino and
Sannia 2013).

This part describes other biocatalyst produced by P. ostreatus under different
cultivation strategies as well as the purifications process. The secretion of these
cocktail of enzymes is dependent on the medium composition, pH, and temperature
as well as the mycelial growth. For many researchers, solid-state fermentation (SSF)
is the most appropriate method for mushroom cultivation to scale up and the pro-
duction of extracellular enzymes such as laccase, manganese peroxidase, xylanase,
cellulose, and amylase (Koyani and Rajput 2015). This is supported by the utiliza-
tion of inexpensive lignocellulosic which can stimulate enzyme synthesis and sup-
porting fungal growth (Koyani and Rajput 2015).

5.8.1 Cellulases

Cellulases (EC 3.2.1.4) are known as hydrolase enzymes that cleave cellulose by
catalyzing a series of cellulolytic reactions. Cellulases can be classified under dif-
ferent types such as (i) endoglucanases, endo-1,4-p-glucanase, carboxymethyl cel-
lulose (CMCase), p-1,4-glucanase, endo-1,4-B-D-glucanase, -1-4-endoglucan
hydrolase, -1,4-glucanase, cellobiohydrolases (CBH), and exogluconases, exocel-
lulases, and P-glucosidases. Generally, cellulases were produced by most of the
fungi and have the potential to degrade cellulose; at the same time, the same fungus
can secrete other enzymes to hydrolyze lignin and hemicelluloses (Khalil et al.
2011). Different cellulases have been produced and isolated from P. ostreatus as
reported by many authors using SSF and submerged cultivation system and sum-
marized in Table 5.1. Several studies reported the potential use of green substrate,
which is in the form of agriculture wastes, for the production of cellulases by P.
ostreatus (Radhika et al. 2013; Rodrigues da Luz et al. 2012). However, growth
phase is critical factor governing the enzyme production in SSE. Singh et al. (2003)
reported that cellulase production was highest during fruiting phase of strain
Pleurotus sp. Furthermore, cellulases are widely used in textile industries, as well as
detergent industries. In addition, they have also many applications in paper/pulp
industries and pharmaceutical industries.

5.8.2 Xylanases

Xylanases are enzymes which are able to break down the linear polysaccharide
B-1,4-xylan into xylose monomer and were classified into two major families
based on their protein sequence alignment. The two protein sequence alignments
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are Family 10 (F) and Family 11 (G). According to Alvarez-Cervantes et al.
(2016), the xylanases of GH10 family of P. ostreatus, BOFX60 are related to the
GH10 and GH11 families, bBased on the smilimarities in amino acids, 233-318
and 180-193, respectively. Xylanases have gained attention because of their high
potential applications in many industrial processes (Yadav et al. 2015). Xylan
plays very important role in insect nutrition and ruminant animal since xylan is
the major component of hemicelluloses of most of the plants biomass and the
polymer can be easily bioconverted into small digestible molecules. Applications
for xylanase can be found in the pulp, feed, food, and paper industries (El-Enshasy
et al. 2016; Kour et al. 2019b; Rana et al. 2019a, b). For instance, xylanases are
beneficial in improving the quality of bread. It enhances the digestibility of rumi-
nant feeds (El-Enshasy et al. 2016) and also applied widely in the pre-bleaching
of kraft pulp.

In general, the xylanase activities were higher when mushroom cultivated on
waste material is compared to medium containing glucose or other low molecu-
lar weight fermentable carbohydrates. Different researchers reported that xyla-
nase can be produced by P. ostreatus as summarized in Table 5.1. The study of
Hazra et al. (1997) showed that 90% of the xylanase enzyme from the fungus
was secreted out by mushroom 7. clypeatus. Other research reported that P.
ostreatus SYJ042 was able to produce xylanase. This xylanase was character-
ized by optimum temperature (40 °C) and stability at pH range between 3.0 and
9.0 (Qinnnghe et al. 2004). Getachew et al. (2016) studied xylanase purification
by using ammonium sulfate in concentration between 30% and 80% (wt vol™),
and the best yield was obtained at 40%. The produced enzyme exhibited maxi-
mal activity at 50 °C and pH 6.0. This enzyme showed high affinity toward sub-
strate used and can further be used for animal feed processing or other industrial
applications.

5.8.3 Pectinases

Pectinase (EC 3.2.1.5) or pectinolytic enzyme is a heterogeneous group of
enzymes which is used to hydrolyze pectin, pectic acid, and oligo-D-galacturo-
nate (Tapre and Jain 2014). In general, pectic substances can be found broadly
in the plant cell wall including fruits and vegetables. The pectic substances are
usually acidic and characterized as very high molecular weight (about
25-360 kDa) and negatively charged (Lakshminarasimha Reddy and Sreeramulu
2012). Pectinase is comprised of many groups and types. It is classified into
three major types which are pectin pectinesterases (PE), protopectinase, and
depolymerizing enzymes (Jayani et al. 2005; Garg et al. 2016). Usually, PE is
used for pectic acid formation, whereas protopectinase is used for soluble pectin
formation. Different research reported on the ability of P. ostreatus to produce
and excrete pectinases using different substrates and cultivation systems
(Table 5.1). Most of the studies were focused on increasing of the production
yield and secretion of pectinase.
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The presence of extractive substances, derived from wheat bran and grape stalks
(Massutti et al. 2015), sawdust (Sherief et al. 2010), sisal leaf (Raymond et al. 2015)
as well as cell immobilization in polyurethane foam (PUF) (Morales et al. 2014), in
culture medium can increase the production of pectinase by P. ostreatus. Sherief
et al. (2010) reported on the cultivation of commercial strain of P. ostreatus on lig-
nocellulosic rice straw and sawdust in plastic bags. The highest pectinase obtained
was 21.42 U g=! after 35 days in case of saw dust, and 13.80 U g! after 20 days
incubation in rice straw culture. However, pectinase production by P. ostreatus is
not widely studied like other enzymes in spite of its importance based on its wide
use in textile industry, food processing industries, and for wine and juice clarifica-
tion (Tapre and Jain 2014; Pasha et al. 2013; Jayani et al. 2005).

Pectinylase (PL) EC 4.2.2.10 can only be produced by a small number of micro-
organisms such as Aspergillus, Penicillium, and Fusarium (Rashad et al. 2011;
Buyukkileci and Fernandez-Lahore 2011). Pectinylase is a pectinase which is only
able to degrade highly esterified pectin into small molecules via 3-elimination with-
out methanol production. It was reported that P. ostreatus has also the capacity to
produce PL. The produced enzyme had molecular weight of 23 KDa (Rashad et al.
2011). This pectin lyase showed high level of activity, with biochemical character-
istic with alkaline pH (7.5), high optimum temperature (60 °C), and good affinity
toward citrus pectin. Higher pectinase production was obtained by substrates from
food processing at different varieties which is orange peel, lemon peel, apple pom-
ace, and sugarcane bagasse using submerged fermentation by P. ostreatus NRRL-
366. The best substrate is lemon peel, giving 1750 U of exopolygalacturonase
(exo-PGase and 750 U of pectin lyase (PL) per 1 g wet substrate after cultivation for
only 4 days (Rashad et al. 2010).

5.8.4 Amylases

Amylases (EC 3.2.1.x) or amylolytic enzymes are widely used for starch hydrolysis
into glucose oligomers and glucose monomer. Amylases can be divided into four
types of enzymes which hydrolyze different linkages and form various products.
They are (i) a-amylase, f-amylase, glucoamylase, and pullulanase. Amylase can
secrete from plants, microorganism and animals and share at least 30% of the world
enzyme market (Deljou and Arezi 2016). However, enzymes from mushroom
sources have subjected applications in industrial part. Amylase has a great potential
application in industrial such as food, textile, paper, fermentation, detergent, and
pharmaceutical industries.

The production of B-amylase (Akinyele et al. 2010) and a-amylase (Ergun and
Urek 2017; Lim et al. 2013: Rashad et al. 2009) has been reported from the species
P. ostreatus (Table 5.1). a-Amylase is an enzyme with a potential to breakdown the
a-1,4-glucosidic linkage of starch to produce small molecules such as maltose and
malto-oligosaccharides (Deljou and Areze 2016). The isolation and characterization
of the f-amylase was reported from the edible mushroom, P. ostreatus by Akinyele
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etal. (2010). The purification of amylase enzyme has been achieved by ion exchange
chromatography method. The final finding was proven that the purified a-amylase
by ion exchange chromatography on DEAE SephadexA 50 and gel filtration is ther-
mostable with high potential for industrial use. The recent study of Ergun and Urek
(2017) showed that the maximal amylase activities were obtained in SSF after
7 days of cultivation using dry potato peel waste after pretreatment with potassium
hydroxide.

5.8.5 Proteases

Proteases refer to a group of enzymes which catalyze hydrolytic reactions respon-
sible for the degradation of protein into peptides and amino acids. Proteases are
among widely used enzymes, which share about 65% of the global market based on
catalytic properties (Yin et al. 2014). It was reported that Pleurotus ostreatus can
secrete different types of proteases, which are metalloprotease (Shen et al. 2007;
Liu et al. 2014; Dohmae et al. 1995); serine protease (ProA, EC 3.4.22.9), amino
acid residues containing serine, aspartic acid, and histidine in the active center
(Lebedeva and proskuryakov 2009; Palmieri et al. 2001; Dohmae et al. 1995); cys-
teine protease or thiol protease, containing cysteine and histidine residues at active
center (Shin and Choi 1998); and aspartic protease (Yin et al. 2014). Researchers
isolated different types of proteases from fruiting bodies, mycelia, and fermentation
broth of P. ostreatus (Dohmae et al. 1995; Palmieri et al. 2001; Shen et al. 2007).
Interestingly, the aspartic protease showed modeling crystal structure containing
Po-Asp D110 and D295, with Asp110 and Asp295 in the active site. This study also
has clearly shown that the structure had specific N- and C-terminal sequence (Yin
etal. 2014). An aspartic protease from P. ostreatus (Pro-Asp) with Mwt of 35.3 KDa
and isoelectric point of 4.57 consisted of 1324 nucleotides with an open reading
frame (ORF) of 1212 bp encoding 403 amino acid residues (Yin et al. 2014). In
addition to that, the crude aspartic protease had milk clotting activity and can be
used in cheese making industry. MEROPS database defined that Aps was engaged
into 16 different families according to amino acid sequence homology. Cysteine
proteases or thiol proteases are enzymes that degrade protein containing a Cys-His-
Asn at the active site. These proteases have histidine residue at active site acting as
proton donor to enhance the nucleophilicity of the cysteine residue. Shin and Choi
(1998) successfully purified cysteine protease and did full characterization of the
enzyme. Cysteine protease from P. ostreatus is well known as leucine pNA (LPNA)
consisting of ASGLXXAIL amino acid. This enzyme showed thermal stability up to
37 °C and the pH optimum in the range of 5.5-6.5.

A serine protease (ProA, EC 3.4.22.9) and two metalloproteases, which are ProB
(EC 3.4.99.32) and ProC (EC 3.4.24.4), were isolated from the fruiting bodies of
P. ostreatus (Dohmae et al. 1995). Paminieri et al. (2001) reported that serine
protease, present in the submerged culture of P. ostreatus, is different from other
proteases purified from the fruiting bodies done by Dohmae et al. (1995).
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Interestingly, these enzymes involved in POXA1b degradation and play a key role
in the regulation of laccase activity and thus involved in lignin degradation by P.
ostreatus. Furthermore, this finding was similar in the regulation of laccase enzyme
in cultures of Trametes versicolor and Phanerochaete chrysosporium (Dosoretz
et al. 1990). The purified serine protease (PoSI) was reported to have an isoelectric
point of 4.5 and Mwt of 75 kDa, which is larger than other fungal proteases (Palmieri
et al. 2001; Dohmae et al. 1995; Mellon and Cotty 1996).

Metalloprotease is defined as protease enzymes with catalytic mechanism
involve metal ions and mostly require zinc or cobalt for activity. POFE (a fibrinolytic
protease) consisting of 19 amino acids with N-terminal sequence of
ALRKGGAAALNIYSVGFTS. Enzyme activity was increased by the addition of
Ca?, Zn?*, and Mg>* ions, which is similar to the metalloprotease, extracted from
fruiting body of P. ostreatus (GenBank Accession No. AAU94648.1) (Shen et al.
2007). In another study by Liu et al. (2014), they successfully purified fibrinolytic
protease enzyme which exhibited thermostability up to 40 °C and pH optimum of 7.4.
This result for optimum pH was similar to other fibrinolytic enzymes from Cordyceps
militaris, Armillaria mellea, and Tricholoma saponaceum and application for medi-
cal applications, for thrombolytic treatment (Liu et al. 2014). In general, proteases
from P. ostreatus have molecular weight between 18.2 and 75 kDA (Liu et al. 2014;
Yin et al. 2014; Lebedeva and Proskuryakov 2009; Shen et al. 2007; Palmieri et al.
2001; Shin and Choi 1998; Dohmae et al. 1995). However, different types of protease
produced by P. ostreatus are presented in Table 5.2.

Table 5.2 Characteristics and potential application of some proteases from Pleurotus ostreatus

Optimal
Purification conditions
Proteases of Yield Isoelectric Potential
Pleurotus sp. (%) |Fold | kDa | point pH | Temp | application References
Metalloprotease | 6.5 [876 |32 | ND 6.5 |35°C | Thrombolytic | Shen et al.
therapy (2007)
Heart disease
Metalloprotease |7.54 | 147 |18.28.52 7.4 |40 °C | Fibrinolytic Liu et al.
therapy (2014)
Serine protease | 13 70 |75 |45 7-8 |ND | Acting as Palmieri
(PoSi) regulatory role | et al. (2001)
for laccase
activity
Metalloproteases Maintenance Dohmae
ProA 8 262 130 9.0 6.5 cellular disorder | et al. (1995)
ProB 8 348 |19 |8.35 5.6
ProC - - 42,5 |- 5.6
Cysteine protease | 4 238 |[ND ND 5.5-37°C | Cell Shin and
6.5 germination, Choi (1998)
morphogenesis
Aspartic protease | ND | ND |35.3 1 4.57 ND |ND | Cheese making | Yin et al.
industry (2014)

ND not determined or data not given in this study



5 Pleurotus ostreatus: A Biofactory for Lignin-Degrading Enzymes of Diverse... 137
5.8.6 Lipases

Lipases (EC 3.1.1.3) constitute a very important class of hydrolytic enzymes.
Lipases were classified into two types: (a) lipases those of enhanced enzyme activ-
ity in emulsion form and (b) lipases with the active site full of protein (Karigar and
Rao 2011; Sharma et al. 2011). Generally, lipases are varied in size and sequence of
amino acids in primary structure. Lipases are produced in all organisms, and natural
function of lipases is to hydrolyze the fats into glycerol and fatty acids (Sharma
etal. 2011). Therefore, they also play an important role in food, chemical, cosmetic,
detergent, and paper making industries. In addition, they were used as indicator to
determine hydrocarbon degradation for soil (Karigar and Rao 2011). Currently,
P. ostreatus genome was successfully isolated and characterized. Sixty seven puta-
tive lipase coding genes have been annotated in this species (Guarino and Sannia
2013). Moreover, the ability to produce lipase enzymes by P. ostreatus was inves-
tigated by many authors. The ability P. ostreatus to produce extracellular lipolytic
enzymes was studied by Guarino and Sannia (2013). They reported on the suc-
cessful production of lipase by using 5% olive mill waste as the main carbon
source to achieve a final titer of 30 U L~! after only 5 days of cultivation. Mushroom
enzymes were extracted from the SSF cultures, and the extracted enzymes were
successfully immobilized using sodium alginate beads for continuous operation
(Wijayati et al. 2017).

5.9 Conclusion and Future Prospects

As presented in this chapter, P. ostreatus have strong production and excretion
capacity for large number of enzymes from different groups. The process can be
easily shifted to the targeted enzyme through proper design of the cultivation
medium and optimization of the cultivation parameters. In addition, this mushroom
has long history as food without any previously reported negative impact on human
and animal health. Therefore, it received GRAS status from FDA which makes it
very attractive for any food, feed, cosmetic, and pharmaceutical industries. In addi-
tion, based on the high capacity for concomitant production of hydrolase enzyme
cocktail, P. ostreatus is considered as a very attractive biofactory in biorefinery for
the hydrolysis of complex lignocellulosic biomass structure to fermentable sugars
which is subsequently used for the economic production of different primary and
secondary metabolites. However, further research is required for better understand-
ing of the combined factors effect on the induction, production, and excretion of
mushroom enzymes during large-scale cultivation.
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