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Biochemical and structural characterisation of the copper containing
oxidoreductases catechol oxidase, tyrosinase, and laccase from
ascomycete fungi

Chiara Gasparetti. Espoo 2012. VTT Science 16. 124 p. + app. 55 p.

Abstract

Catechol oxidase (EC 1.10.3.1), tyrosinase (EC 1.14.18.1), and laccase (EC
1.10.3.2) are copper-containing metalloenzymes. They oxidise substituted phenols
and use molecular oxygen as a terminal electron acceptor. Catechol oxidases and
tyrosinases catalyse the oxidation of p-substituted o-diphenols to the
corresponding o-quinones. Tyrosinases also catalyse the introduction of a
hydroxyl group in the ortho position of p-substituted monophenols and the
subsequent oxidation to the corresponding o-quinones. Laccases can oxidise a
wide range of compounds by removing single electrons from the reducing group of
the substrate and generate free radicals. The reaction products of these oxidases
can react further non-enzymatically and lead to formation of polymers and cross-
linking of proteins and carbohydrates, in certain conditions.

The work focused on examination of the properties of catechol oxidases,
tyrosinases and laccases. A novel catechol oxidase from the ascomycete fungus
Aspergillus oryzae was characterised from biochemical and structural point of
view. Tyrosinases from Trichoderma reesei and Agaricus bisporus were examined
in terms of substrate specificity and inhibition. The oxidation capacity of laccases
was elucidated by using a set of laccases with different redox potential and a set
of substituted phenolic substrates with different redox potential. Finally, an
evaluation of the protein cross-linking ability of catechol oxidase from A. oryzae,
tyrosinases from T. reesei and A. bisporus and laccases from Trametes hirsuta,
Thielavia arenaria, and Melanocarpus albomyces was performed.

A novel extracellular catechol oxidase from A. oryzae (AoCO4; UniProtKB:
Q2UNF9; Entrez gene ID: 5990879) was chosen for cloning and expression as
representative of the newly discovered family of short tyrosinases sequences.
Ao0CO4 gene was heterologously expressed in T. reesei. The protein produced did
not show activity on L-tyrosine and 3,4-dihydroxy-L-phenylalanine (L-DOPA),
which are typical substrates for tyrosinases. Consequently, the protein was
classified as a catechol oxidase. AoCO4 was produced in a bioreactor and the
expression resulted in high yields. The purified AoCO4 was partially processed at
a Kex2/furin-type protease site and showed a molecular weight of 39.3 kDa.
AoCO4 was able to oxidise a limited range of diphenolic compounds, e.g.,
catechol, caffeic acid, hydrocaffeic acid, and 4-tert-buthylcatechol. AoCO4
oxidised also the monophenolic compounds aminophenol and guaiacol. AoCO4
showed a pH optimum in the acidic range and was observed to be a relatively
thermostable enzyme. A crystal structure of AoCO4 was solved at 2.5 A



resolution. AoCO4 was a monomer and the overall structure of AoCO4 was found
to be similar to the known structures of catechol oxidases and tyrosinases.

A detailed characterisation of the substrate-specificity of the extracellular
tyrosinase from T. reesei (TrT) was accomplished and compared to the
commercial tyrosinase from A. bisporus (AbT). TrT generally showed lower affinity
than AbT on substrates that had a free amino group, such as L-tyrosine, L-DOPA,
and YGG tripeptide. The reaction end product of TrT and AbT was studied via
mass spectrometry and dopachrome was found to be the only reaction end
product of L-DOPA oxidation catalysed by both tyrosinases. Dopachrome
produced by AbT-catalysed oxidation of L-DOPA was also shown to inhibit the TrT
tyrosinase by an end product inhibition mechanism. Further, when the type of
inhibition of potential inhibitors for TrT was analysed with p-coumaric acid and
caffeic acid as substrates, potassium cyanide and kojic acid were the strongest
inhibitors of TrT.

The kinetics of three laccases, with different redox potential (E°), for three p-
substituted dimethoxy phenolic substrates (2,6-dimethoxyphenol, syringic acid,
and methyl syringate) with different E° were determined at two pHs. The laccases
studied were from M. albomyces, T. arenaria, and T. hirsuta. The enzyme from the
ascomycete fungus T. arenaria was a novel laccase produced in T. reesei. T.
arenaria laccase was purified, and biochemically and structurally characterised. By
comparison of the three laccases it could be shown that both the difference in
redox potential (AE®) and the pH had an effect on the kinetics. However, the effect
of AE° was found to prevail over that of the pH for substrates with a high E°, such
as methyl syringate.

All oxidative enzymes studied in this work were also tested for their cross-
linking ability, with a-caseins utilised as a model substrate with and without a
cross-linking agent. TrT was found to be the best enzyme for cross-linking of a-
caseins, whereas AbT was found to be the best enzyme for cross-linking a-
caseins in the presence of catechol as a cross-linking agent. Interestingly, AoCO4
was also found to cross-link a-caseins in the presence of catechol as a cross-
linking agent.

Keywords Trichoderma reesei, Agaricus bisporus, Aspergillus oryzae, Thielavia
arenaria, tyrosinase, catechol oxidase, laccase, purification,
characterisation, oxidation capacity, inhibition, three-dimensional
structure, cross-linking
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1. Introduction

Tyrosinase (EC 1.14.18.1; monophenol monooxygenase), catechol oxidase (EC 1.10.3.1;
1,2-benzenediol:oxygen oxidoreductase) and laccase (EC 1.10.3.2; benzenediol:oxygen
oxidoreductase) are copper-containing metalloenzymes that catalyse the oxidation of
substituted phenols and use molecular oxygen as a terminal electron acceptor. Molecular
oxygen is reduced to water. Tyrosinases oxidise p-substituted monophenols and p-
substituted o-diphenols to the corresponding o-quinones. Catechol oxidases catalyse the
oxidation of p-substituted o-diphenols to the corresponding o-quinones, but do not oxidise
p-substituted monophenols. Laccases have a wide range of substrate-specificity, e.g.,
monophenols, diphenols, aryl amines, aminophenols, and inorganic compounds can be
oxidised by laccases. While tyrosinases and catechol oxidases remove an electron pair
from the hydroxyl groups of a diphenolic substrate and generate quinones, laccases
remove single electrons from the reducing group of the substrate and the products
generated are usually free radicals (Sanchez-Amat & Solano 1997) (Figure 1).

Tyrosinases, catechol oxidases and laccases are essential oxidoreductases in nature,
where they are involved, e.g., in defence mechanisms. Tyrosinases, catechol oxidases
and laccases, especially those of plant origin, are sometimes also called polyphenol
oxidases (PPOs) (Mayer 1987). This classification is misleading for the reason that it
does not differentiate these enzymes on the basis of their distinct enzymatic activities
(Flurkey & Inlow 2008). Tyrosinase- and catechol oxidase-formed quinones are the
building blocks of melanins, which play a physiological role in defence mechanisms, such
as sclerotisation, primary immune response, and host defence. The principal role of
fungal laccases is degradation of lignin in synergy with other lignin-modifying enzymes,
such as lignin peroxidases and manganese peroxidases (for a review, see Lundell et al.
2010). Laccases are also involved in melanogenesis and are important virulence factors
(Nagai et al. 2003).

Laccases are used in industrial applications for bleaching of denim in the textile
industry (for a review, see Galante & Formantici 2003). Laccases and tyrosinases of
fungal origin have been shown to be potent cross-linking agents, i.e., they can be used to
introduce specific covalent bonds between proteins, as well as between proteins and
carbohydrates (Selinheimo et al. 2007b). Thus far, catechol oxidases have been less
studied also in terms of applications.
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1. Introduction
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Figure 1. Oxidation of phenolic compounds catalysed by tyrosinase (A and B), catechol
oxidase (B), and laccase (C).

1.1 Distribution of tyrosinases, catechol oxidases and laccases

Tyrosinases are scattered among animals, plants, fungi and invertebrates, as well as in
prokaryotic and eukaryotic microbes (for a review, see Lerch 1983, Seo et al. 2003, Claus
& Decker 2006, Halaouli et al. 2006a, Wang & Hebert 2006). Tyrosinases exist in
mammals, including humans (Kwon et al. 1987). While human tyrosinase is a trans-
membrane enzyme, tyrosinases of other origins are mainly intracellular enzymes. The
first fungal tyrosinase was isolated from the edible mushroom Agaricus bisporus (AbT)
(Nakamura et al. 1966) and the first bacterial tyrosinase from Streptomyces glaucescens
(Lerch & Ettinger 1972). Well-characterised intracellular fungal tyrosinases have been
reported from the species Neurospora crassa (Fling et al. 1963, Lerch 1983, Kupper et al.
1989), Lentinula edodes (Kanda et al. 1996), Aspergillus oryzae (Nakamura et al. 2000),
Pycnoporus sanguineus (Halaouli et al. 2005, Halaouli et al. 2006b), and
Thermomicrobium roseum (Kong et al. 2000). The known extracellular tyrosinases are
from the bacteria Streptomyces michiganensis (Philipp et al. 1991) and Streptomyces
antibioticus (Bernan et al. 1985), and from the fungi Amylomyces rousii (Montiel et al.
2004) and Trichoderma reesei (TrT) (Selinheimo et al. 2006b). Thus far, the tyrosinase
from T. reesei is the best-characterised extracellular tyrosinase.

The few characterised catechol oxidases are originated from plant and fungi. There
are no reports on catechol oxidases of bacterial or mammal origins. All known catechol
oxidases are intracellular enzymes. The best-characterised plant catechol oxidases are
from Ipomea batatas (Eicken et al. 1998), Populus nigra, Lycopus europaeus (Rompel et
al. 1999a), and Melissa officinalis (Rompel et al. 2012). Among fungi, one polyphenol
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1. Introduction

oxidase from the ascomycete fungus Alternaria tenuis has been classified as a catechol
oxidase (Motoda 1979a, Motoda 1979b).

Laccases are widely distributed in plants and fungi, and they are also present in some
bacteria and insects (for a review, see Hoegger et al. 2006). Unlike tyrosinases, laccases
are not found in animals (for a review, see Mayer & Staples 2002). Most of the
characterised laccases are of fungal origin; however, the first laccase was found from the
tree Rhus vernicifera (Yoshida 1883). The majority of the characterised laccases are
extracellular enzymes, although intracellular laccases have also been characterised
(Froehner & Eriksson 1974, Palmieri et al. 2000, Langfelder et al. 2003, Nagai et al. 2003,
McMahon et al. 2007).

1.2 Physiological role of tyrosinases, catechol oxidases and
laccases

Tyrosinases and catechol oxidases are the key enzymes in the first reactions of
melanogenesis, the formation of melanins. Melanins are involved in many biologically
essential functions such as pigmentation, sclerotisation, primary immune response, and
host defence. In mammals, melanogenesis is related to the pigmentation of the hair, skin,
and eyes. Malfunctions in tyrosinase activity result in hyperpigmentation and albinism in
mammals (for a review, see Ito & Wakamatsu 2008). It has been suggested that a
tyrosinase activity in bacteria participate in the detoxification of phenolic compounds
(Borthakur et al. 1987), and that the formed melanins prevent the dehydration of the cells
(Coyne & Al-Harthi 1992).

In plants, the melanins may contribute to the formation of barriers, or be involved in
alkylation reactions reducing the bioavailability of proteins, or even in the creation of a
toxic environment for the attacker (for a review, see Mayer 1987, Walker & Ferrar 1998).
Both tyrosinases and catechol oxidases may contribute to the formation of catechol
melanins. Catechol melanins are specific melanins produced in plants, and they are
formed by derivatives of catechol quinones. Catechol melanins protect the damaged plant
from pathogens and insects (Dervall 1961, Felton et al. 1989, Bi & Felton 1995, Melo et
al. 2006). In insects, melanins are involved in the sclerotisation of cuticle, in defence
mechanism, and in wound-healing processes (Sugumaran 2002).

In fungi, melanins serve as a mechanism of resistance to stress factors, e.g., UV
radiations (Bell & Wheeler 1986), as well as defence against virulence mechanisms
(Soler-Rivas et al. 1997, Jacobson 2000). Fungal melanins contribute to cell walls’
resistance against hydrolytic enzymes in avoiding cell lysis (Bell & Wheeler 1986).
Furthermore, fungal melanins are produced during sexual differentiation (Lerch 1983) and
spore formation (Mayer & Harel 1979). It has also been suggested that extracellular
tyrosinases play a role in the polymerization and detoxification of plant phenolic
compounds in soil environments (Sjoblad & Bollag 1981).

Laccases from plant origin are located in the xylem and play an important role in the
early stages of lignin biosynthesis, presumably oxidising monolignols (Bao et al. 1993,
O'Malley et al. 1993, Gavnholt & Larsen 2002, Mayer & Staples 2002). Plant laccases
have also been shown to be involved in the first steps of healing in wounded leaves (de
Marco & Roubelakis-Angelakis 1997). Fungal laccases, in particular from white-rot fungi,
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are involved mainly in the degradation of lignin in synergy with other lignin-modifying
enzymes, such as lignin peroxidases and manganese peroxidases (for a review, see
Hoegger et al. 2006).

More than the two thirds of the known laccase sequences are of fungal origin (for a
review, see Valderrama et al. 2003, Hoegger et al. 2006). The characterised laccases
from basidiomycete fungi are from Trametes species (Coll et al. 1993, Yaver et al. 1996,
Yaver et al. 1999, Dedeyan et al. 2000, Bertrand et al. 2002, Galhaup et al. 2002,
Klonowska et al. 2002, Xiao et al. 2004), Pycnoporus cinnabarinus (Eggert et al. 1996,
Sigoillot et al. 1999), Ceriporiopsis subvermispora (Karahanian et al. 1998), Lentinula
edodes (Nagai et al. 2002, Nagai et al. 2003) Pleurotus ostreatus (Sannia et al. 1986,
Giardina et al. 1999, Garzillo et al. 2001, Palmieri et al. 2003), Volvariella volvacea (Chen
et al. 2004) Coprinopsis cinerea (Coprinus cinereus) (Schneider et al. 1999, Yaver et al.
1999), Thanatephorus cucumeris (Wabhleithner et al. 1996). The characterised laccases
from ascomycete fungi are from Aspergillus species (Wood 1980a, Huang et al. 1995),
Botrytis cinerea (Marbach et al. 1984, Schouten et al. 2002), Cryphonectria parasitica
(Rigling & Van Alfen 1993) Gaeumanomyces graminis (Litvintseva & Henson 2002)
Melanocarpus albomyces (Kiiskinen et al. 2002, Kiiskinen et al. 2004), Chaetomium
thermophilum (Chefetz et al. 1998), Neurospora crassa (Froehner & Eriksson 1974,
Germann & Lerch 1986) and Podospora anserina (Fernandez-Larrea & Stahl 1996).
Laccases are produced also in plant-pathogenic fungi, where they play an important role
as virulence factors, e.g., the laccase from the grape-vine grey mould Botrytis cinerea
participates in the infection of a variety of hosts (Bar Nun et al. 1988). Furthermore, a cell
wall-localised laccase of Cryptococcus neoformans plays a relevant role in the infection of
humans (Williamson 1994).

Among bacteria, the laccases from the genus Streptomyces are well known. The
laccases from Streptomyces lavendulae (Suzuki et al. 2003), Streptomyces cyaneus
(Arias et al. 2003), Streptomyces coelicolor (Dubé et al. 2008), and Streptomyces
psammoticus (Niladevi et al. 2008) have been characterised. Other known bacterial
laccases are from Azospirillum lipoferum (Faure et al. 1994) and Bacillus subtilis (Martins
et al. 2002), both involved in pigments production. The role of laccases in insects is
related to cuticle sclerotisation (Sugumaran et al. 1992, Dittmer et al. 2004). The
distribution and physiological role of tyrosinases, catechol oxidases, and laccases are
summarised in Table 1.
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Table 1. Biochemical and structural properties of tyrosinase, catechol oxidase and laccase.

Tyrosinase Catechol oxidase Laccase Refer to
paragraph
Enzyme EC 1.14.18.1 EC 1.10.3.1 EC 1.10.3.2
classification
Distribution Mammals, plants, Plants, insects, Plants, insects, fungi, 11
insects, fungi, fungi, bacteria bacteria
bacteria
Physiological Pigment formation, Pigment formation,  Lignin degradation, 12
role would healing, would healing, pigment and fruiting
sclerotisation sclerotisation body formation,
detoxification, plant
pathogenesis
Location in Mainly intracellular Mainly intracellular ~ Mainly extracellular 11
the cell
Molecular 30-50 kDa 30-60 kDa 60-80 kDa (three 1.6
weight domain laccases)
30-40 kDa (monomer of
two domain laccases)
Substrates p-Monophenols, o- o-Diphenols Monophenols, 1.3and 1.5
diphenols diphenols, aryl amines,
amino phenols
Primary 0-Quinone 0-Quinone Phenoxy radical 15
oxidation
product
0O, 1 Monophenol : 1 O, 2 Diphenol : 1 O, 4 Phe-OH:10,° 15
stoichiometry
Specific Tropolone, salicyl Phenylthiourea, Small anions, 13
inhibitors hydroxamic acid, 4- N,N-diethylthio- N-hydroxyl glycine,
hexyl resorcinol, carbamate cetyltrimethylammonium
phenyl hydrazine bromide, azide
Protein family =~ PF00264 PF00264 PF00394 1.4
Copper centre  T3" T3° T1 and trinuclear T2/T3" 1.4
EPR signal No No Yes 14
UVIVIS 345 nm (strong); 330 nm (weak) 330 nm (T3 centre); 14
absorption 600 nm (weak) ° 600 nm (T1 centre)
maximum
Tertiary Monomer, dimer, Monomer Monomer 1.6
structure tetramer

? Phe-OH is a generic phenolic substrate of laccase.
"Tlisa type 1 copper centre; T2 is a type 2 copper centre; T3 is a type 3 copper centre.
¢ UVIVIS absorption maxima of the oxy-form of tyrosinase.
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1.3 Biochemical properties

1.3.1 Tyrosinases and catechol oxidases

Many tyrosinases have their pH optima in a neutral or acidic range. Only a few
tyrosinases have been reported with an optimum in an alkaline pH range: the tyrosinase
from Thermomicrobium roseum (pH 9.5 on L-DOPA) (Kong et al. 2000), the tyrosinase
from Pinus densiflora (pH 9-9.5 on L-DOPA) (Kong et al. 1998), and the extracellular
tyrosinase from T. reesei (pH 9 on L-tyrosine) (Selinheimo et al. 2006b). The known
tyrosinases are not very thermostable enzymes and the most commonly known
thermostable ones are from T. roseum and P. sanguineus. T. roseum tyrosinase has
been shown to retain 100% of its activity on L-DOPA after ten minutes of incubation at
70 °C, but it was rapidly inactivated at temperatures higher than 75 °C (Kong et al. 2000).
P. sanguineus tyrosinase activity on L-tyrosine was completely inactivated after 20
minutes of incubation at 60 °C (Halaouli et al. 2005). Low temperatures also inactivate
tyrosinases, as reported for tyrosinases from Aspergillus flavipes (Gukasyan 1999) and
N. crassa (Fling et al. 1963).

Most of the characterised catechol oxidases are of plant origin and have pH optima in
the neutral-basic range. These include catechol oxidases from I. batatas (optimum pH 7.8
on catechol) (Eicken et al. 1998), from P. nigra (optimum pH 8.0 on catechol) (Rompel et
al. 1999a), and from L. europaeus (optimum pH 6.5-7.5 on catechol) (Rompel et al.
1999a). In contrast, the characterised catechol oxidase from the ascomycete fungus A.
tenuis is active in an acidic pH range (4.0-5.8) and has an optimum at pH 4.7 (Motoda
1979a, Motoda 1979b). A. tenuis catechol oxidase is not thermostable; it has a half-life of
30 minutes at 44 °C on substrate D-catechin and is inactivated after 30 minutes of
incubation at 60 °C (Motoda 1979a, Motoda 1979b).

Tyrosinases and catechol oxidases are not distinguishable from a comparison of their
primary sequences, both belong to the same family (PF00264). Substrate-specificity
determines the classification of tyrosinase and catechol oxidase activities. While
tyrosinases can oxidise a wide range of p-substituted mono- and diphenolic compounds,
catechol oxidases oxidise various p-substituted diphenolic compounds but lack activity on
o-substituted monophenols (Klabunde et al. 1998, Marusek et al. 2006). L-Tyrosine and
L-DOPA, respectively, are the typical monophenolic and diphenolic substrates of
tyrosinases and are commonly used to measure tyrosinase activity. In turn, L-DOPA and
caffeic acid are the diphenolic substrates mainly used for analysis of the activity of
catechol oxidases. It has been reported that p-coumaric acid, i.e., the corresponding
monophenolic compound of caffeic acid can be oxidised by the tyrosinases from the fungi
P. sanguineus and T. reesei, whereas it cannot be oxidised by the tyrosinase from fungus
A. bisporus or in general by tyrosinases of plant origin (Halaouli et al. 2005, Selinheimo et
al. 2006b, Selinheimo et al. 2007b). Tyrosinases are also capable of oxidising a variety of
aromatic amines and o-aminophenols (Toussaint & Lerch 1987, Rescigno et al. 1998,
Sanjust et al. 2003, Gasowska et al. 2004, Selinheimo et al. 2007b, Mufioz-Mufioz et al.
2011). Tyrosinases can also oxidise larger compounds containing a tyrosyl residue, such
as catechins, peptides, and proteins (Selinheimo et al. 2007b, Mattinen et al. 2008a,
Mattinen et al. 2008b). Furthermore, some plant catechol oxidases (known also as
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polyphenol oxidases) have weak monophenolase activity but cannot oxidise L-tyrosine. It
has been suggested that L-tyrosine is a specific substrate for tyrosinase and can be used
to distinguish tyrosinases and catechol oxidases (Mayer & Harel 1979, Walker & Ferrar
1998, Gerdemann et al. 2002). The known substrates for tyrosinases and catechol
oxidases are summarised in Table 2.

Inhibitors of tyrosinases have been extensively studied, because these enzymes are
also responsible for undesired reactions, such as browning reactions in fruits and
vegetables (for a review, see Seo et al. 2003). The enzymatic browning reactions are
started by endogenous tyrosinases, which oxidise the phenolic compounds present in the
tissues of fruits, vegetables, and mushrooms. The non-enzymatic reactions consist of
Maillard reactions, which are reactions between a nucleophilic amino group of a protein
and the carbonyl group of a carbohydrate. Browning reactions cause changes in food
products’ organoleptic properties and appearance, leading to a short shelf life and a lower
market value, so the prevention of browning reactions is highly important (Lertsiri et al.
2003). Antibrowning agents are chemical compounds that decrease the browning
reactions. They can be divided into reducing agents and enzyme inhibitors. Reducing
agents react with the enzymatic end product, preventing the non-enzymatic reactions that
lead to the formation of colourful products. Enzyme inhibitors prevent the primary
enzymatic oxidation of a phenolic substrate (for a review, see Seo et al. 2003, Kim &
Uyama 2005, Chang 2009). 4-Hexylresorcinol, salicylhydroxamic acid and tropolone are
specific inhibitors of tyrosinases, whereas phenylthiourea and N,N-diethyldithiocarbamate
are specific inhibitors of catechol oxidases (Dawley & Flurkey 1993). Substrate
analogues, e.g., cinnamic acids have also been described as having an inhibitory effect
on tyrosinases (Lim et al. 1999). Inhibition of tyrosinases has also been reported by small
anions, such as azide, cyanide, mercaptoethanol, and carbon dioxide. Small anions bind
to the copper ions in the active site (Himmelwright et al. 1980, Beltramini & Lerch 1982).

In humans, the production of anti-tyrosinase antibodies causes vitiligo, an autoimmune
disorder that produces a white colour in patches of the skin. Overproduction of tyrosinase
in humans, on the other hand, causes melasma and solar lentigines, which represent an
aesthetic problem. Skin-whitening agents are chemical substances that reduce the
formation of melanins in skin (for a review, see Parvez et al. 2006, Draelos 2007, Chang
2009). Skin-whitening agents react with the tyrosinase-formed quinones reducing them to
colourless compounds. Thus far, the skin-whitening agents most often used in cosmetic
preparations have been aloesin and arbutin, which are extracted from the plant Aloe vera
(Yagi et al. 1987). Also, kojic acid, derived from various fungal species, such as those in
the Aspergillus and Penicillium spp. (Parrish et al. 1966), is used in cosmetic and medical
preparations as a skin-whitening agent (Masse et al. 2001). Hydroquinone is a strong
skin-whitening agent with high melanocyte-specific cytotoxicity. While it is used in
depigmenting medication, the use of hydroquinone in cosmetic preparations has been
discouraged because of its side effects, including skin irritation (Breathnach 1996).

1.3.2 Laccases
Thermotolerant and thermostable laccases have been recently reviewed by Hildén et al.

(2009). The most thermostable laccases are of bacterial origin, e.g., the half-life of
laccase from Streptomyces lavendulae is 100 minutes at 70 °C (activity on catechol)
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(Suzuki et al. 2003) and that of Bacillus subtilis CoTA is 112 minutes at 80 °C (activity on
2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS)) (Martins et al. 2002).
Fungal laccases are generally stable enzymes in the temperature range 30-50 °C,
whereas plant laccases are less thermostable. Among laccases of fungal origin, a
laccase from Agaricus bisporus has a half-life of ten minutes at 70 °C on p-
phenylenediamine (Wood 1980a), a laccase from Trametes sanguinea is stable for only
ten minutes at 70 °C on substrate N,N-dimethyl-p-phenylenediamine (Nishizawa et al.
1995), and a laccase from Coprinopsis cinerea has a half-life of 4.6 minutes at 70 °C on
substrate syringaldazine (Schneider et al. 1999).

Laccases with temperature optima below 35 °C have also been reported: for example,
a laccase from Ganoderma lucidum has the highest short-time activity at 25 °C on o-
tolidine (Ko et al. 2001). In general, fungal laccases are more stable at acidic than at
alkaline pH (Bollag & Leonowicz 1984), although exceptions exist (Mayer 1987, Baldrian
2006). Laccases generally have a bell-shaped pH activity profiles for phenolic substrates,
and optima in the pH range 4-6 (Hoffmann & Esser 1977, Palmieri et al. 1993, Eggert et
al. 1996, Xu 1997, Chefetz et al. 1998, Schneider et al. 1999, Garzillo et al. 2001). At
alkaline pH values the activity of laccase is negatively affected by the hydroxide ion
inhibition, but positively affected by the lower redox potential of the substrates at higher
pH values (Xu 1997).

ABTS, guaiacol and 2,6-dimethoxyphenol (2,6-DMP) are substrates generally used to
assay a laccase activities. Syringaldazine, tolidine, and p-phenylene diamine are
considered specific substrates for laccases (Flurkey et al. 1995, Ramirez et al. 2004,
Baldrian 2006), whereas L-tyrosine and p-cresol are typical substrates of tyrosinases
(Kaarik 1965). It has, however, been shown also that fungal laccases can oxidise L-
tyrosine with a radical mechanism, nevertheless, the affinity and the activity of laccases
on L-tyrosine is very low (Selinheimo et al. 2007a). The known substrates for fungal
laccases are summarised in Table 2.

Small anions, such as azide, cyanide and fluoride ions are the most effective inhibitors
of laccases: they bind to the trinuclear copper centre, preventing the binding of molecular
oxygen (Solomon et al. 1996, Xu 1996a, Battistuzzi et al. 2003, Johnson et al. 2003). N-
hydroxyglycine and cetyltrimethylammonium bromide are more specific inhibitors of
laccases (Dawley & Flurkey 1993). EDTA, fatty acids, kojic acid, and coumaric acid are
also laccase inhibitors, but they are less effective than small anions (Wood 1980b, Bollag
& Leonowicz 1984, Faure et al. 1995, Eggert et al. 1996, Chefetz et al. 1998, Sethuraman
et al. 1999, Xu et al. 1999, Jung et al. 2002).
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Table 2. Summary of the known substrates of tyrosinase, catechol oxidase and laccase
oxidative enzymes. The activity is reported with a plus sign (+) when an activity for the
substrate has been reported, with a minus sign (-) when the enzyme is not active on the
substrate, or with n.r. for “not reported” when there is no information available from
literature. Relevant references are listed in the footnotes .

Substrate Structure Activity
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Substrate Structure Activity
Tyrosinase®  Catechol Laccase ©
oxidase "
p-Substituted o- + n.r. +
diamines
NH,
NH,
Polyphenols
Pyrogallol + + +
HO' OH
OH
Other + + +
polyphenols
Selective
substrates

L-tyrosine °§ oH + - -
h""NHZ

Syringaldazine - - - +
A %/éﬁ/

p-Phenylene itz - - +
diamine

Hy

® Espin et al. 1998, Espin et al. 2000, Rodriguez-Lépez et al. 2000, Fenoll et al. 2002, Selinheimo et
al. 2006b, Xie et al. 2007.

b Mayer & Harel 1979, Motoda 1979a, Motoda 1979b, Eicken et al. 1998, Walker & Ferrar 1998,
Rompel et al. 1999b.

° Flurkey et al. 1995, Xu 1996a, Xu et al. 1996, Ramirez et al. 2004, Baldrian 2006.

4 Oxidation of L-tyrosine by Trametes hirsuta laccase has been reported by Selinheimo et al.
(2007a).

1.4 Active sites of copper-containing enzymes

The copper ions at the active sites of tyrosinases, catechol oxidases, and laccases are
co-ordinated by His residues. Definition of the active sites is based on the co-ordination of
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the copper ions (for a review, see Solomon et al. 1996, Solomon et al. 2001). Tyrosinase
and catechol oxidase belong to the same family (PF00264) and contain a pair of copper
ions, i.e., a type 3 (T3) copper site. A T3 copper site contains a pair of two
antiferromagnetically coupled copper ions named CuA and CuB, and therefore the site is
EPR-silent. Each copper ion is co-ordinated by three His residues. The T3 copper site
shows an absorption maximum at a wavelength of 330-345 nm (Jolley et al. 1974). A T3
copper site is also found in haemocyanins, which are oxygen carrier proteins found in
molluscs and arthropods (Cuff et al. 1998). Laccases (family PF00394) are multicopper
oxidases and they contain four copper ions arranged as a type 1 (T1) copper site and a
trinuclear centre formed by one T3 copper site and one type 2 (T2) copper site. The T1
copper site of laccases contains one copper ion co-ordinated by two His residues and
one Cys residue. The T1 copper site has a strong absorption at 600 nm due to the
S(Cys)m—Cugd-’ transition, which also creates the blue colour observed in the oxidised
state. The T1 copper site also shows a weak absorption at the wavelengths of 400-485
nm caused by the S(Cys)o—Cugd? transition. The T1 copper site in laccases is 13 A
from the trinuclear copper centre. The copper ions in the trinuclear copper centre are co-
ordinated by eight His residues, of which six co-ordinate the T3 copper ions and two co-
ordinate the copper ion of the T2 copper site in connection with one solvent molecule
(e.g., water in Trametes versicolor laccase) (Bertrand et al. 2002). Both T1 and T2 copper
sites are EPR-detectable.

Proteins containing only a T1 copper site are also known. These proteins, called
cupredoxins, are electron transfer proteins. The copper ion in the T1 centre of
cupredoxins is co-ordinated by two His residues and one Cys residues and by a weaker
axial ligand, usually a Met residue (for a review, see Choi & Davidson 2011). Similarly,
also enzymes containing only one T2 copper site are known, i.e., galactose oxidase (EC
1.1.3.9), primary-amine oxidase (EC 1.4.3.21) and diamine oxidase (EC 1.4.3.22).
Galactose oxidase catalyses the two-electron oxidation of D-galactose to D-galacto-
hexadialose with the concomitant two-electron reduction of oxygen to hydrogen peroxide.
In galactose oxidase, the copper ion is co-ordinated by four equatorial ligands (two His
residues, one Tyr residue, and one water) and one axial ligand (one Tyr residue). The
axial Tyr residue is covalently linked to a Cys residue (Lee et al. 2008, Rokhsana et al.
2012). This Tyr-Cys cross-link participates in the reaction functioning as a second redox
centre in the active state of the enzyme (for a review, see Rogers & Dooley 2003).
Primary-amine oxidases and diamine oxidases catalyse the deamination of various
amines to aldehydes with the concomitant two-electron reduction of oxygen to hydrogen
peroxide. The copper ion is co-ordinated by three equatorial His ligands and one modified
Tyr residue, i.e., 2,4,5-trihydroxyphenylalanine quinone (TOPA-quinone) (Parsons et al.
1995). Structures of the enzyme copper sites are shown in Figure 2.
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Type 1 Type 2 Type 3 Multicopper oxidases
copper site copper site copper site

o
@ By 3l

Amicyanin Cu amine oxidase Catechol oxidase Ascorbate oxidase
Azurin Galactose oxidase Haemocyanin Ceruloplasmin
Nitrite reductase Tyrosinase Laccase

Plastocyanin
Pseudoazurin

Figure 2. The structure of copper sites and examples of proteins containing these copper
sites. Copper ions are illustrated in brown spheres. The figure was made using PyMOL
(The PyMOL Molecular Graphics System, Educational Version Schrodinger, LLC) with
PDB IDs 1PLC (plastocyanin), 1GOF (galactose oxidase), 1WX2 (tyrosinase), and 1GWO0
(laccase).

1.5 Reaction mechanisms

1.5.1 Tyrosinases and catechol oxidases

The active sites of tyrosinases and catechol oxidase exist in different forms during the
catalytic cycle: two oxidised forms oxy-form ([Cu(ll)-O2%-Cu(ll)]) and met-form ([Cu(ll) -
OH™-Cu(Il)]), and a reduced unstable deoxy-form ([Cu(l) Cu(l)]) (Klabunde et al. 1998,
Matoba et al. 2006).

The met- and oxy-form of tyrosinase and catechol oxidase have different
spectroscopic features. While the met-form shows a weak absorption maximum at around
330-350 nm, the oxy-form shows a strong absorption at 345-350 nm and weaker
absorption at 600 nm (Jolley et al. 1974, Himmelwright et al. 1980, Rompel et al. 1999a).
The deoxy-form is not characterised as well as the met- and oxy-form, because it is
instable and rapidly binds molecular oxygen to generate the oxy-form. The oxy-form also
shows two signals in Raman resonance spectroscopy, but the two signals are not
detectable in the met-form of the enzyme. Early studies on the tyrosinase from Agaricus
bisporus showed different circular dichroism (CD) spectra for the oxy- and met-form
(Duckworth & Coleman 1970, Schoot Uiterkamp et al. 1976). All three forms are EPR-
silent (Himmelwright et al. 1980, Wilcox et al. 1985). The met-form of tyrosinase or
catechol oxidase can be transformed into the corresponding oxy-form of the enzyme by
addition of hydrogen peroxide (Jolley et al. 1974, Rompel et al. 1999a, Rompel et al.
2012). Furthermore, the met-form can be partially reduced to half-met-tyrosinase [Cu(ll)
Cu(l)], which is EPR-detectable (Himmelwright et al. 1980, van Gastel et al. 2000,
Bubacco et al. 2003). The spectroscopic characteristics of T3 copper enzymes are
summarised in Table 3.

26



Introduction

1.

pajoalep 10U = pu

;. Wo GG/ Adoosonodads

©666T ‘e 19 [adwoy ‘8/6T '[e 18 uewdIig pru pru LW v22 uewey ui [reubis
Adoaso.aoads aouadsalon))

Z86T Yd4a %@ luiweneg wu oge wu oge wu oge uoissiwa ul [eubls

9/6T e 1o wu 062 wu 0ge Adoosonodads

durexJa1n 100YdS ‘0/6T UBWS|0D % yuomyong ‘pu wu 0.2 Wwu 09z  WsloJydip reinalio ul feubis
(eam) wu 009 Adoosonoads uondiosqe

6/6T '[e 19 ddaH 'v/6T '[e 18 As|joC ‘pu (eem) wu OyE—0EE (Buons) wu gye SIAN/AN Ul [eubis
Adoasouoads

G86T “[e 18 XOO|IM ‘086T ‘[e 18 Wybumpuiwiy ON ON ON yd3 ul reubis
suol Jjaddod ay1 usamiaq

G00z /eddal  (s|qeisun) OH O%H 20%H a|nosjow Buibpug

086T "[e 18 WbumjpwwIH

[(Dno (Nn2]

[(INnD-HO-(In2]

[(In2_20—(1n3]

suol Jaddod
ay} Jo alels uolepIxQ

saoualajey

wJioj-Axoap

wJioj-1ow

wloj-Axo

alls
annoe ay1 Jo Auadoid

‘sowAzus J1addoa (£1) £-9dA1 JO SwIo) paanpal pue pasipIXo ayl Jo sainjes) didodsondads ¢ ajqel

27



1. Introduction

Both the oxy- and the met- form of the tyrosinase oxidise diphenols (diphenolase catalytic
cycle). In contrast, the oxidation of monophenols requires the presence of the oxy-form of
the enzyme (monophenolase or cresolase cycle). One of the atoms of a molecular
oxygen molecule that is bound to the oxy-form is incorporated in the o-position of the
monophenolic substrate during the monophenolase cycle (Itoh et al. 2001). The product
of tyrosinase-catalysed oxidation of monophenolic or diphenolic substrate is an o-
quinone. After the o-quinone is released, the enzyme is left in the reduced deoxy-form.
Molecular oxygen has high affinity to the deoxy-form and it rapidly binds to the active site,
generating the oxy-form of tyrosinase (Figure 3).

The native form of a tyrosinase typically consists of about 85-90% met-form, with the
rest being in the oxy-form (for a review, see Solomon et al. 1996). When monophenolic
substrates are oxidised by tyrosinase, a lag period is usually detected. The lag is related
to the state of the active site of the tyrosinase. During the lag period, the enzyme is
transformed from the met-form to the oxy-form, which can oxidise the monophenolic
substrate. The met-form oxidises the diphenolic substrate (e.g., L-DOPA) which is formed
because of the non-enzymatic reactions.

Tyrosinases can oxidise a variety of p-substituted monophenols and diphenols other
than L-tyrosine and L-DOPA. The affinity of a substrate to a tyrosinase strongly depends
on the hydrophobic, steric, and electrostatic properties of the group in the p-position of
the o-diphenol. In has been shown that when the diphenolic substrate has an electron-
donating group in the p-position of the o-diphenol, the reaction mechanism will follow the
diphenolase pathway. In contrast, when the substrate has a withdrawing-group in the p-
position of the o-diphenol, the reaction mechanism leads the enzyme to a suicide
inactivation pathway. In the suicide inactivation pathway, the tyrosinase is irreversibly
inactivated by reduction and loss of one of the copper ion from the T3 copper site.
Furthermore, certain monophenols can bind to the met-form of the enzyme but cannot be
oxidised; this leads the enzyme into a dead-end pathway (for a recent review, see
Mufioz-Mufioz et al. 2010b) (Figure 3).
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Figure 3. Molecular mechanism for the catalytic cycles of tyrosinase (EC 1.14.18.1) and
catechol oxidase (EC 1.10.3.1). The monophenolase catalytic cycle occurs only for
tyrosinase. The dead-end and suicide inactivation pathways are also represented (Figure
modified from the review articles Kim & Uyama 2005, Mufioz-Mufioz et al. 2010a).

Catechol oxidases catalyse only the oxidation of p-substituted diphenols to quinones; but
they do not catalyse the hydroxylation of p-substituted monophenols, so catechol
oxidases cannot complete the monophenolase catalytic cycle (Figure 3) (Mayer & Harel
1979, Walker & Ferrar 1998, Gerdemann et al. 2002). Why a catechol oxidase does not
show a monophenolase activity is not clearly understood. From the comparison of the
three-dimensional structures of tyrosinase and catechol oxidase (see Subsection 1.6.1), it
has been shown that the access to the active site of catechol oxidase is partly blocked by
a Phe residue (i.e., Phe261 in |. batatas catechol oxidase). Furthermore, the
corresponding Glul82 residue in Streptomyces castaneoglobisporus tyrosinase is
smaller; therefore, the active site is more exposed in tyrosinase than in catechol oxidase.
The Glul82 residue has been proposed as a putative residue in the orientation of the
monophenolic substrate to the active site of tyrosinase (Decker et al. 2006). Thus far, the
information on catechol oxidases has been limited, because most of the research has
focused on tyrosinases, which appear more attractive also on account of the
monophenolase activity.

In view of the three-dimensional structures of tyrosinases (see Subsection 1.6.1),
different binding mechanisms of the oxy-form of tyrosinase have been proposed for
monophenols (Decker et al. 2006, Matoba et al. 2006, Land et al. 2007, Ismaya et al.
2011, Sendovski et al. 2011). Based on the three-dimensional structure of Streptomyces
castaneoglobisporus tyrosinase in complex with the caddie protein ORF378, Matoba et
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al. (2006) proposed that the monophenolic substrate is oriented towards the second
copper ion at the active site (CuB), in a similar way to the Tyr98 of the caddie protein.
Divergently, Decker et al. (2006) suggested that one His co-ordinating the CuB orients
the monophenolic substrate towards the first copper at the active site (CuA) via a
hydrophobic interaction and that the hydroxyl group of the substrate binds to the CuA.
The binding mechanism proposed by Decker et al. (2006) is supported by Olivares and
Solano (2009) and Sendovski et al. (2011). On the basis of a directed-evolution study,
Sendovski et al. (2011) suggested that monophenolic substrates bind to the CuA, in
agreement with Decker et al. (2006), whereas diphenolic substrates bind to the CuB. In
the mutant R209H of the tyrosinase from Bacillus megaterium (BmT), the newly
introduced His residue blocks the entrance to the active site, interfering with the binding
of L-DOPA to CuB. The activity of the mutant R209H of BmT is lower than the activity of
the wild-type BmT on L-DOPA 1 mM, by a factor of 1.6 (Shuster Ben-Yosef et al. 2010,
Sendovski et al. 2011).

L-tyrosine is the natural substrate of tyrosinase. The o-quinones generated by the
tyrosinase-catalysed oxidation of L-tyrosine undergo a series of non-enzymatic oxidative
and coupling reactions to form hetero-polymers. These reactions are called
melanogenesis. Melanogenesis occurs in mammals, fungi and bacteria. In all cases
tyrosinase catalyses the first step of this pathway, i.e., the formation of dopaquinone (o-
quinone of L-DOPA) (Prota 1988). Dopaquinone is the product of a tyrosinase-catalysed
oxidation of L-tyrosine and L-DOPA (Cooksey et al. 1997). The tyrosinase-catalysed step
is the rate-limiting step in melanogenesis. The reactions following dopaquinone formation
can proceed spontaneously at physiological pH (Halaban et al. 2002). The amount of
melanins formed is proportional to the production of dopaquinone, and, thereby, to the
tyrosinase activity. Melanins can be grouped into eumelanins and pheomelanins.
Eumelanins are insoluble brown to black pigments and work as photoprotective
antioxidants. Pheomelanins are alkali-soluble yellow to reddish-brown pigments and work
as phototoxic pro-oxidants (Chedekel et al. 1980, De Leeuw et al. 2001, Takeuchi et al.
2004, Samokhvalov et al. 2005). Both eumelanins and pheomelanins are produced in
melanogenesis and together they form the mixed melanins (Figure 4).

The eumelanin pathway occurs in the absence of sulphydryl compounds and can be
divided into two phases. The first is a proximal phase in which dopachrome is the end
product. The second one is a distal phase, that represents the enzymatic and non-
enzymatic reactions occurring from dopachrome to eumelanins (for a review, see
Cooksey et al. 1997, Kim & Uyama 2005, Ito & Wakamatsu 2008). In the proximal phase
dopaquinone undergoes the intramolecular addition of the amino group to produce
leukodopachrome (known also as cyclodopa). A fast redox reaction between
leukodopachrome and dopaquinone forms L-DOPA and dopachrome, which is an
orange-red unstable compound (Raper 1927, Mason 1948, Canovas et al. 1982,
Rodriguez-Lopez et al. 1991). At neutral pH, dopachrome is gradually decarboxylated to
5,6-dihydroxyindole (DHI) (Raper 1927, Palumbo et al. 1987). In mammals, the
dopachrome tautomerase activity converts dopachrome to 5,6-dihydroxyindole-2-
carboxylic acid (DHICA) (Raper 1927, Palumbo et al. 1987, Aroca et al. 1990, Tsukamoto
et al. 1992). DHI and DHICA are the main components of eumelanins (Swan & Waggott
1970, Swan 1974). The pheomelanin pathway occurs in the presence of sulphydryl
compounds (e.g., Cys), where a nucleophilic attack of the sulphydroxyl group of a Cys on
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the benzene ring of dopaquinone occurs and cysteinyldopa isomers are generated. The
main isomer formed is 5-S-cysteinyldopa (5-S-CD), which is considered to be the
precursor of the pheomelanins (Prota 1980).
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Figure 4. Early stages of the biosynthetic pathways leading to melanin production. 5,6-
Dihydroxyindole (DHI) is formed by a spontaneous decarboxylation of dopachrome and
5,6,-dihydroxyindole-2-carboxylic acid (DHICA) by a dopachrome tautomerase activity
(Figure modified from the review article Ito & Wakamatsu 2008).

1.5.2 Laccases

Substrates for laccases include various compounds, such as diphenols, substituted
phenols, diamines, aromatic amines, benzenethiols, and even inorganic compounds (Xu
1996a). Laccase catalyses the oxidation of these compounds with a radical mechanism.
In one catalytic cycle, four electrons in all are removed from the substrate(s) and
molecular oxygen is reduced to two molecules of water. In the resting form of laccase, the
four copper ions are in an oxidised state. The substrate binds in a pocket close to the T1
copper site of laccase. A single electron is removed from the reducing group of the
substrate molecule(s), e.g., the hydroxyl group of a phenolic substrate at the T1 copper
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site. The electron is transferred to the trinuclear copper centre through a conserved His-
Cys-His tripeptide (Messerschmidt et al. 1992, Bertrand et al. 2002, Piontek et al. 2002).
The four-electron reduction of molecular oxygen to water takes place in the trinuclear
copper centre (for a review, see Solomon et al. 1996, Solomon et al. 2001, Rodgers et al.
2009, Lundell et al. 2010). A peroxy intermediate is involved in the reduction of molecular
oxygen to water. In the absence of reducing substrates (e.g., Phe-OH), the native
intermediate slowly transforms into the resting oxidised form of laccase. On the contrary,
in the case reducing substrates are available, the native intermediate can be fully reduced
in concomitance with the oxidation of the substrates. Radiolabeling studies have shown
that at the end of the catalytic cycle one of the oxygen atoms of molecular oxygen is
bound as hydroxyl to the T2 copper site (Brandén & Deinum 1977, Brandén et al. 1978,
Shin et al. 1996). A schematic representation of the catalytic cycle of laccases is shown in
Figure 5.

From the three-dimensional structure of the multicopper oxidase ascorbate oxidase, it
has been shown that access of the solvents to the trinuclear copper site is provided by a
broad and a narrow channel (Messerschmidt et al. 1992). The same channels were found
in the laccase from the basidiomycete fungus Trametes versicolor (Piontek et al. 2002).
Differently, in the laccase from the ascomycete fungus Melanocarpus albomyces, only the
narrow channel is found and the broad channel is occluded by the four conserved
residues of the C-terminus (Asp-Ser-Gly-Leu/Valllle known as the C-terminal plug).
Accordingly, the entrance of molecular oxygen and the exit of water may not occur via
this tunnel in M. albomyces laccase. Furthermore, in the laccase from M. albomyces, the
protons are also transferred from the T1 copper site to the trinuclear copper site via a
triangle of amino acids (Ser, Ser and Asp), called a SDS-gate. The SDS-gate is
conserved among the sequences of laccases from ascomycete fungi, but is not found in
laccases of other origin, such as the laccase from T. versicolor, Rigidoporus lignosus, and
Bacillus subtilis (Hakulinen et al. 2008).

Besides the affinity of the substrate to the active site of laccase, the laccase-catalysed
reactions also depend on the redox potential of the substrate. The redox potential (E°) of
the substrate must be low enough, since the reaction depends on the difference between
the redox potentials of the enzyme and the substrate (AE®). The rate of laccase-catalysed
oxidation of a phenolic substrate is expected to increase as the AE’ increases.
Furthermore, the E® of a phenolic substrate decreases with an increase of a pH value,
thus the AEC increases. Hydroxyl ions inhibit laccases, and at high pH values the
dissociation of the hydroxyl group of the phenolic substrate is more favourable; therefore
inhibition of the laccase may occur (Xu 1996a, Xu 1997, Xu et al. 2000, Xu et al. 2001).
The E° of laccases refers to T1 copper. Differently from the phenolic substrate, the E° of
the T1 copper is not pH-dependent. The redox potential of fungal laccases is in the range
of 0.4-0.8 V (Morpurgo et al. 1980, Xu 1996a, Palmer et al. 1999, Xu et al. 1999).
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Figure 5. Catalytic cycle of laccase. Phe-OH is the phenolic substrate compound. Phe-O°
is the reactive phenoxy radical. T1 is the type-1 copper centre, T2 is the type-2 copper
centre, and T3 is the type-3 copper centre of laccase. (Figure modified from the review
articles Solomon et al. 2001, Lee et al. 2002, Yoon et al. 2007)

1.6 Structures

1.6.1 Tyrosinases and catechol oxidases

The primary structures of tyrosinase and catechol oxidase are typically formed by three
domains: an N-terminal domain, a central catalytic domain, and a C-terminal domain. The
central catalytic domain contains the conserved His residues, which co-ordinate the two
copper ions of the T3 copper site. Tyrosinases of animal and plant origins have all three
domains, whereas tyrosinases of fungal origin lack the N-terminal domain. Tyrosinases of
bacterial origin only have the central catalytic domain, but they are produced in
association with a caddie protein that acts as a C-terminal domain. The N-terminal
domain directs the protein to the chloroplast thylakoid lumen in plants and is involved in
the maturation process of the tyrosinase. The role of the C-terminal domain is to cover
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the active site of tyrosinase, keeping the enzyme inactive in the secretory pathway.
Tyrosinases are usually activated by cleavage of the N- and C-terminal domains, or in the
case of bacterial tyrosinases, by removal of the caddie protein (Marusek et al. 2006,
Flurkey & Inlow 2008).

Until now, there have been three crystal structures of tyrosinases available, from
Streptomyces castaneoglobisporus (ScT) (Matoba et al. 2006), from Bacillus megaterium
(BmT) (Sendovski et al. 2011), and from A. bisporus (AbT) (Ismaya et al. 2011) (Figure
6), and two crystal structures of plant catechol oxidases, from |. batatas (IbCO) (Klabunde
et al. 1998), and from Vitis vinifera (VvCO) (Virador et al. 2009) (Figure 7). The PDB IDs
of the structures of tyrosinases and catechol oxidases are shown in Table 4.

The three-dimensional structure of tyrosinase is mainly a-helical. Two pB-strands
located in the N- and C-terminus of the central catalytic domain form a short parallel-
sheet structure. The residues forming this short parallel-sheet structure are highly
conserved and mark the beginning and the end of the central catalytic domain. The core
of the enzyme is formed by a four-helix bundle where the catalytic dinuclear copper
centre is located. The active site is lodged in the bottom of a large concavity, where the
substrate is bound (Matoba et al. 2006, Ismaya et al. 2011, Sendovski et al. 2011).

The first three-dimensional structure presented for a tyrosinase is from S.
castaneoglobisporus (ScT) (Matoba et al. 2006). The ScT three-dimensional structure
was solved as a complex with a caddie protein, the dimensions of the heterodimer are 40
x 55 x 60 A. The caddie protein is involved in the copper assembly, and in the secretion
and activation of the enzyme. A Tyr residue (i.e., Tyr98) from the caddie protein occupies
the putative substrate-binding site of ScT, but it is at a 3.0 A distance from the active site,
so too far away to be oxidised. The structure of the bacterial tyrosinase from BmT was
solved with a resolution of 2.0-2.3 A (Sendovski et al. 2011). BmT is a homodimer, the
dimensions of each unit are 45 x 25 x 80 A. Each unit contains an active site, with the two
substrate-binding sites facing alternate directions. The structure of AbT was also very
recently solved (Ismaya et al. 2011). This is the first structure revealed for a full-length
tyrosinase of fungal origin. The enzyme is a tetramer composed of two heavy (H) chains
and two light (L) chains, the dimensions of the tetramer are 139 x 97 x 59 A. The active
site is located in the H subunit, where it is lodged in the four-helix bundle as in ScT and
BmT. The substrate-binding site is found at the bottom of a spacious cavity in the surface
of the H subunit. The L chain has a B-trefoil fold, consisting of 12 antiparallel B-strands.
The L chain is about 25 A away from the active site and it does not hinder access to the
active site. The L chain does not show any sequence or structure similarity to the caddie
protein of ScT. The functional role of the L chain is not yet clear; it is possible that it plays
a role in the folding, copper-binding, and stability of AbT in vivo (Figure 6) (Ismaya et al.
2011).
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Figure 6. (A) Three-dimensional structure of Streptomyces castaneoglobisporus
tyrosinase (PDB ID 1WX2) in complex with the caddie protein ORF378. The tyrosinase is
in green and the caddie protein ORF378 in blue. (B) The active centre of S.
castaneoglobisporus tyrosinase. (C) Homodimeric structure of Bacillus megaterium
tyrosinase (PDB ID 3NM8). Subunit 1 and subunit 2 are shown in green and light blue,
respectively. (D) Active centre of B. megaterium tyrosinase. (E) Tetrameric structure of
Agaricus bisporus tyrosinase (PDB ID 2Y9W). Chains are shown as H (heavy chain) and
L (light chain). (F) Active centre of A. bisporus tyrosinase. The copper ions in the active
centre are shown with brown spheres, the bridging molecule in red and the thioether bond
in yellow. The figure was created with PyMOL (The PyMOL Molecular Graphics System,
Educational Version Schrédinger, LLC).
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The first solving of a three-dimensional structure of a catechol oxidase from |. batatas
(IbCO) was in 1998 (Klabunde et al. 1998) (Figure 7). IbCO is a monomer with
dimensions 55 x 45 x 45 A. The overall structure of IbCO is similar to that of tyrosinase,
i.e., IbCO is mainly a-helical, and the short-parallel sheet structure formed by two -
strands located in the N-terminus and C-terminus of the central catalytic domain is also
present. The active site of IbCO is found in the four-helix bundle as in ScT, but, differently
from ScT, it is partially covered by a gatekeeper residue (i.e., Phe261 in IbCO), which
shields the CuA and prevents the docking of a monophenolic substrate to the active site
of catechol oxidase. IbCO contains a thioether bond between the Ce carbon of His109
(i.e., one copper ligand) and the sulphur of a Cys92 (Klabunde et al. 1998). The thioether
bond was not found in ScT, and it has been suggested that the His54 of ScT co-
ordinating CuB was flexible during catalysis, whereas in IbCO the flexibility of the
corresponding residue His109 is restricted by the thioether bond. More recently, the
thioether bond was also found in the structures of AbT (Ismaya et al. 2011) and VWCO
(Virador et al. 2009). The Cys residue forming the thioether bond is also found in the
sequence of the fungal tyrosinase from N. crassa (Lerch 1982). Hence, the presence or
absence of the thioether bond and the flexibility of the His co-ordinating the CuB are not
enough for elucidation of the different substrate-specificity of tyrosinases and catechol
oxidases.
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Figure 7. (A) Three-dimensional structure of Ipomea batatas catechol oxidase (PDB ID
1BT1). (B) Active centre of the phenylthiourea (PTU) inhibitor-bound I. batatas catechol
oxidase. (C) Three-dimensional structure of Vitis vinifera catechol oxidase (PDB ID
2P3X). (D) Active centre of the Vitis vinifera catechol oxidase. The secondary structures
are shown in red (a helix), yellow (B sheet), and green (loop). The copper ions are shown
with brown spheres, the bridging molecule in red and the thioether bond in yellow. The
figure was created with PyMOL (The PyMOL Molecular Graphics System, Educational
Version Schrddinger, LLC).

1.6.2 Laccases

The three-dimensional structures of laccases published so far are of laccases of fungal
and bacterial origins (Table 4). The three-dimensional structure of a plant laccase has not
been solved yet. The first three-dimensional structure published was of the laccase from
the basidiomycete fungus Coprinopsis cinerea, but it was T2 copper depleted (Ducros et
al. 1998). The first complete three-dimensional structures of laccases became available in
2002, when the structures of the laccase both from the basidiomycete fungus Trametes
versicolor (Bertrand et al. 2002, Piontek et al. 2002) and from the ascomycete fungus M.
albomyces (Hakulinen et al. 2002) were published. Thus far, most of the three-
dimensional structures of fungal laccases reported have been from basidiomycete fungi,
such as T. versicolor (Bertrand et al. 2002, Piontek et al. 2002), Rigidoporus lignosus
(Garavaglia et al. 2004), Coriolus zonatus (Zhukova et al. 2006, Lyashenko et al. 2007),
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Lentinus tigrinus (Ferraroni et al. 2007), Trametes trogii (Matera et al. 2008), Coriolopsis
gallica (De La Mora et al. 2008), Cerrena maxima (Lyashenko et al. 2007), and Trametes
hirsuta (Polyakov et al. 2009). The only three-dimensional structure of an ascomycete
fungus laccase published so far is from M. albomyces (Hakulinen et al. 2002, Hakulinen
et al. 2006, Hakulinen et al. 2008). Among bacterial laccases, the structures published
are from Bacillus subtilis (Enguita et al. 2003), Escherichia coli (Li et al. 2007),
Nitrosomonas europaea (Lawton et al. 2009), and Streptomyces coelicolor (Skalova et al.
2011). Furthermore, a model of the plant laccase from Populus trichocarpa has been
predicted through homology modelling approach using the ascorbate oxidase from
zucchini (PDB ID 1A0Z) as a template, and it was compared to the bacterial laccase from
B. subtilis and the fungal laccase from T. versicolor (for a review, see Dwivedi et al.
2011). Two examples of three-dimensional structures of laccases, from the ascomycete
fungus M. albomyces and from the basidiomycete fungus T. versicolor, are presented in
Figure 8.

Laccases of different origin share similar structural features. The overall structure of
laccases consists of three cupredoxin-like domains (A, B, and C), with each domain
having a “Greek key motif’ 3-barrel structure. The mononuclear T1 copper site is located
in domain C. The putative substrate-binding site is in a cleft between domains B and C.
The trinuclear T2/T3 copper cluster is located at the interface between domains A and C,
with both domains providing residues for the co-ordination of the coppers ions. The
electrons are donated from the substrate to the copper ion of the T1 copper site, and
subsequently they are transferred to the trinuclear site where the reduction of molecular
oxygen to water occurs. Electron transfer from the T1 copper site to the T2/T3 copper
cluster occurs via a His-Cys-His pathway. The substrate-binding sites of laccases are
rather dissimilar, i.e., the bacterial laccase from B. subtilis has a larger putative substrate-
binding site cavity as compared to the fungal laccases from T. versicolor (Dwivedi et al.
2011) and M. albomyces (Hakulinen et al. 2008). Messerschmidt et al. (1992) reported
the presence of two solvent channels in the ascorbate oxidase from zucchini. A broad
channel leads to the pair of copper ions at the T3 site, and a narrow channel leads to the
T2 copper. Similar channels are found in laccases of fungal origin; however, in the
laccase from M. albomyces, the broad channel is plugged by the C-terminal residues
Asp-Ser-Gly-Leu (Hakulinen et al. 2002, Hakulinen et al. 2008). The four residues of the
C-terminus are conserved also in other ascomycete laccases, so it is possible that the C-
terminal plug is present also in these ascomycete laccases. The C-terminal plug is not
found in the basidiomycete laccases. One characteristic feature of fungal laccases is that
they are glycosylated proteins, typically with 3-10 glycosylation sites per monomer
(Solomon et al. 1996, Rodgers et al. 2009). The functional role of the glycans in laccases
is not yet clear.

Recently, the three-dimensional structures of two-domain laccases have been
established. Two-domain laccases are smaller than the three-domain laccases, but they
are surprisingly temperature stable and have high activity on typical substrates of
laccases, such as 2,6-dimethoxy phenol (2,6-DMP). The two-domain laccase from
Nitrosomonas europaea was characterised already in 1985 (DiSpirito et al. 1985), but the
three-dimensional structure was published only recently (Lawton et al. 2009). The three-
dimensional structure of a two-domain laccase from Streptomyces coelicolor (Skalova et
al. 2009) is also known. The three-dimensional structure of two-domain laccases is a
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homotrimer, with each monomer is comprised of two cupredoxin-like domains (domain 1
and domain 2). The T1 copper site is in domain 1, and the trinuclear site is embedded in
the inter-molecular interface between the subunits (Komori et al. 2009, Lawton et al.

2009, Skélové et al. 2011).
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Figure 8. (A) Three-dimensional structure of the laccase from ascomycete fungus
Melanocarpus albomyces (PDB ID 1GWO). (B) Active centre of M. albomyces laccase.
The C-terminal plug (Asp556-Ser557-Gly558-Leu559) is also shown. (C) Three-
dimensional structure of the laccase from basidiomycete fungus Trametes versicolor
(PDB ID 1GYC). (D) Active centre of T. versicolor laccase. Domain A is represented in
red, domain B in green, and domain C in blue. The copper ions are represented with
brown spheres. The figure was created with PyMOL (The PyMOL Molecular Graphics
System, Educational Version Schrédinger, LLC).
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1. Introduction

1.7 Applications of tyrosinases and laccases

Among tyrosinases, catechol oxidases, and laccases, laccases are the only commercially
available enzymes for industrial purposes and they are already used on a large scale in
the textile industry. The tyrosinase from the edible mushroom Agaricus bisporus is
commercially available for research purposes, whereas catechol oxidase preparations are
not available. Several potential applications of tyrosinases and laccases in food and non-
food processes have been reported, whilst only a few promising applications for catechol
oxidases have been described. Moreover, several potential applications that use catechol
oxidase, and monophenolase activity have been reported without a clear indication of
whether the enzyme applied is a tyrosinase or a catechol oxidase. Indeed, catechol
oxidases could be utilised as an alternative to tyrosinases in the oxidation of diphenolic
substrates. It is worth noticing that most of the research on tyrosinases and catechol
oxidases focuses on their inhibition mechanism, because of the interest in the related
reactions of browning and hyperpigmentation (see Subsection 1.5.1). However, more
recently interest in the utilisation of tyrosinases has rapidly increased. Food- and non-
food-related applications of tyrosinases, catechol oxidases, and laccases are discussed
below and summarised in Table 5 and Table 6.

1.7.1 Food-related applications
1.7.1.1 Development in the organoleptic properties of food products

The enzymatic activity of tyrosinases, catechol oxidases and laccases present in fruits
and seeds and in the microbes associated with fruits and seeds are exploited in the
fermentation processes of black tea, coffee, cocoa, and black raisins. They confer
organoleptic properties and colour on the final food products (for a review, see Yoruk &
Marshall 2003). In the fermentation process of tea leaves, tyrosinase can oxidise the
catechins to theaflavins. Theaflavins, antioxidant compounds with an orangish colour,
impart colour and brightness to the black tea and reduce the astringency, i.e., the dry
feeling in the mouth of black tea liquors (Subramanian et al. 1999).

Tyrosinases and laccases have been shown to have a positive effect in the
fermentation of cocoa beans. Tyrosinase from A. bisporus can oxidise the polyphenols
that contribute to astringency, thus improving the taste of cocoa (Selamat et al. 2002).
Also laccase from Pleurotus osteratus has been shown to reduce the tannin content of
cocoa. Tannins have astringency properties and negatively affect the digestion process
by binding to various digestive enzymes (Mensah et al. 2012).

1.7.1.2 Cross-linking reactions related to food applications

A cross-linking reaction introduces a covalent bond between proteins (homo-cross-link) or
between a protein and a carbohydrate (hetero-cross-link). Cross-linking reactions can be
used for food structure modification and can affect the sensory properties of the final
product. Laccases and tyrosinases can be used to cross-link proteins. The reactive
residues in proteins are GIn, Lys, Tyr, and Cys.
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Tyrosinase can oxidise protein-bound Tyr residues to the corresponding quinone,
which can further react with protein-bound Lys, Tyr, and Cys residues (Ito et al. 1984,
Bittner 2006, Mattinen et al. 2008a, Mattinen et al. 2008b, Selinheimo et al. 2008). As
compared to other fungal and plant tyrosinases, the extracellular tyrosinase from the
fungus T. reesei has shown extremely good cross-linking abilities for random coil proteins
such as a-caseins (Selinheimo et al. 2007a, Selinheimo et al. 2007b, Selinheimo et al.
2008, Monogioudi et al. 2009, Ercili Cura et al. 2010) as well as short tyrosine-containing
peptides (Mattinen et al. 2008b). However, application of T. reesei tyrosinase in the food
industry is so far limited by the formation of undesired colour (Monogioudi et al. 2009).

Differently from that with tyrosinases, laccase-catalysed cross-linking is based on the
formation of free radicals, which, in turn, can further react with other phenolic radicals or
free aromatic and amino groups present in proteins. Laccases act on the protein-bound
Tyr, Trp, and Cys residues. Laccases can act also on ferulic acid and p-coumaric acid
residues, which are present in arabinoxylans and pectins (for a review, see Harjinder
1991). Among laccases, the effects of the fungal laccase from T. hirsuta have been
extensively investigated in the baking applications (Selinheimo et al. 2006a, Selinheimo
et al. 2007a, Selinheimo et al. 2008).

Other than laccases and tyrosinases several enzymes are known to be able to cross-
link proteins. For example, peroxidase (EC 1.11.1.7), and sulphydryl oxidase (EC 1.8.3.3)
have also been extensively studied (for a review see Buchert et al. 2007, Buchert et al.
2010). Transglutaminase (EC 2.3.2.13) reacts with protein-bound GIn and Lys residues,
resulting in the formation of an isopeptide linkage. During the reaction, one molecule of
ammonia is generated per a cross-link (Folk & Finlayson 1977, Griffin et al. 2002). A
transglutaminase from Streptoverticilium mobaraense was the first cross-linking enzyme
to see a market launch (Ando et al. 1989). At present, microbial transglutaminases are
the only commercially available food-grade proteins directly cross-linking enzymes.
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Table 5. Food related applications of tyrosinases and laccases. Industrial applications are
indicated with *** when the enzyme is commercially available, the commercial name and
the distributor are also indicated in brackets. Pilot-scale developed applications are
indicated with **, and applications tested at research-level are indicated with *.

Food related
applications

Tyrosinase

Laccase

References

Development
of organoleptic
properties *

Removal of
polyphenols during
fermentation of
cocoa beans*
Oxidation of
catechins to
theaflavins during
fermentation of black

Removal of tannins
during fermentation
of cocoa beans*

Subramanian et al.
1999, Selamat et al.
2002, Mensah et al.
2012

tea leaves*
Better flavour in
coffee*

Baking Increased softness of Improved loaf Si 1994, Labat et al.
bread crumbs and volume, dough- 2000, Labat et al. 2001,
added volume for handling, and crumb  Selinheimo et al. 2007a
bread* structure of bread*

Beverages Cork stopper Conrad et al. 2000,

treatment Minussi et al. 2002,
(Suberase®, Minussi et al. 2007
Novozymes)***

Wine and beer

stabilisation*

Clarification of

juices*

Dairy Cross-linking of dairy ~ Cross-linking of Feergemand et al. 1998,

proteins* dairy proteins* Thalmann & Létzbeyer
2002, Halaouli et al.
2005, Selinheimo et al.
2006a, Selinheimo et al.
2007a, Selinheimo et al.
2008

Emulsions Improved emulsifying  Stabilisation of beet  Kato et al. 1991, Kato et
properties via pectin emulsions* al. 1993, Littoz &
conjugation of McClements 2008
different types of
proteins and
polysaccharides*

Meat Increased firmness of Improved forming of  Lantto et al. 2005b,

myofibrillar gels*

myofibrillar gels at
high salt
concentrations*
Decreased
formation of
myofibrillar gels with
high laccase
dosage*

Lantto et al. 2007

# Endogenous enzymes are utilised in these applications.
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1.7.2 Non-food-related applications

1.7.2.1 Large-scale applications of laccases

A laccase from ascomycete fungus Myceliophthora thermophila distributed by
Novozymes with the commercial name of Suberase® is used in the preparation of cork
stoppers for wine bottles. Cork is a desirable stopper material; however, frequently a cork
taint (i.e., an off-flavour) is conveyed to the wine in contact with the cork. The enzymatic
treatment polymerises phenolic compounds in the cork and thus reduces the astringency,
bitterness, and tannic flavour imparted to the wine by the cork (Conrad et al. 2000).

In some applications, laccases are used in combination with mediators in so-called
laccase mediator systems (LMS). Mediators are small molecules with a redox potential
(E°) between the E° of the laccase and the E° of the substrate. Mediators are used to
oxidise bulky substrates that could not be oxidised by laccase alone. Thus the use of a
mediator enlarges the substrate-specificity of the laccase. In LMS, the laccase first
oxidises the mediator, and subsequently a redox reaction occurs between the oxidised
mediator and the substrate. The reaction products are the oxidised substrate and the
reduced mediator, which can often be recycled. The first LMS to bleach denim garments
(i.e., to decolourise indigo) was developed with a laccase from M. thermophila and the
mediator methyl ester of syringic acid (Berka et al. 1997). This LMS oxidises indigo, and
the reaction products are two molecules of isatin, which is a colourless chemical more
biodegradable than indigo. Currently there are various commercial laccase preparations
available for bleaching of denim (for a review, see Galante & Formantici 2003, Rodriguez
Couto & Toca Herrera 2006). For instance DeniLite (Novozymes) utilises a laccase from
Aspergillus niger (Niladevi 2009).

Laccases have also been used in the enzymatic removal of lignin. The LignoZym®
system (GmbH) utilises a laccase from T. versicolor and a group of mediators containing
N-OH-, N-oxide-, oxime- or hydroxamic acid-functional groups to remove lignin from pulp.
The Lignozym® system has been tested on pilot-scale, and it has been shown that 50—
70% of lignin can be removed within 1-4 hours (for a review, see Call & Mucke 1997).
Moreover, the combination of a laccase from T. hirsuta with cellulases has been shown to
increase the sugar yield in the enzymatic hydrolysis of steam-pre-treated softwood by
13% (Palonen & Viikari 2004). Generally, the industrial applicability of the LMS has
suffered on account of high costs, recycling, and toxicity of the mediators used
(Bourbonnais & Paice 1992).

1.7.2.2 Other potential non-food applications of tyrosinases and laccases

Tyrosinases and laccases may be used in non-food applications, but these enzymes are
not yet utilised in large-scale applications. Tyrosinase- and laccase-catalysed cross-
linking may be used in tailoring biopolymers: e.g., the softness of wool fibres can be
increased via tyrosinase or laccase-cross-linking of the fibres (Lantto et al. 2005a, Freddi
et al. 2006, Jus et al. 2008, Mattinen et al. 2008b). Tyrosinase-catalysed cross-linking
may be utilised in grafting of carboxyl groups to chitosan with potential application in
cosmetics (Chao et al. 2004), as well as to immobilise antibodies on membranes with
potential for applications in microarray technology (Ahmed et al. 2006).
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The oxidation of phenols catalysed by tyrosinases, catechol oxidases and laccases
has a potential application in biosensors (e.g., quantification of phenols) and in
bioremediation (i.e., removal of phenols). Phenols are commonly found in industrial waste
waters and can have toxic effects. Some phenols are endocrine disrupters: i.e., they are
able to mimic or antagonise the effects of endogenous hormones. Therefore, the
detection of low concentrations of phenols is of fundamental importance (Mita et al.
2007). Several tyrosinase-based biosensors have been proposed (for a review, see Dong
& Chen 2002). A biosensor based on A. bisporus tyrosinase was tested for the
determination of bisphenol A, which can be found in food and drink packaging (Mita et al.
2007). A catechol oxidase electrode made with a catechol oxidase from Solanum
melangena L. (eggplant) immobilised in gelatine was found to be a specific biosensor for
catechol and to be stable for 70 days (Dinckaya et al. 1998).

Laccases have potential in decolourisation of brewers and olive-mill waste waters. One
laccase from Coriolopsis gallica has been suggested as an efficient tool to remove the
colourful tannins seen in brewery waste waters (Yague et al. 2000). The efficacy of an
immobilised laccase from Lentinula edodes has been tested for removal of toxic phenols
from oil-mill effluents. This system was most effective on o-diphenols (D’Annibale et al.
2000).

Biofuel cells are devices that convert chemical energy into electrical energy via
electrochemical reactions catalysed by oxidoreductases. The electrons for production of
electricity are produced via the enzymatic oxidation of a fuel (sugar or alcohol) at the
bioanode of the fuel cell. The electrons are transferred to the biocathode and gained by
the electron acceptor, typically molecular oxygen or peroxide, through an enzymatic
reaction. Laccases have been investigated in biofuel applications (Palmore & Kim 1999,
Lim & Palmore 2007, Smolander et al. 2008).

Tyrosinases, catechol oxidases, and laccases may be used in medical applications,
such as drug development and diagnostics. Thus far, of the three enzymes, tyrosinases
have been the most studied in this field. Human tyrosinase is overexpressed in
melanosome malignant cells. A vaccine against melanosome that uses specific
antibodies for tyrosinase has been developed and successfully passed phase | clinical
trials (Chen et al. 1995, Bergman et al. 2003, Liao et al. 2006). Also, a melanocyte-
directed enzyme prodrug therapy (MDEPT) has been developed. The prodrug is a
tyrosinase substrate (dopamine) linked to a drug (phenyl mustard) by a carbamate
linkage. The tyrosinase-catalysed oxidation of dopamine releases the drug in situ
(Morrison et al. 1985, Jordan et al. 1999, Jordan et al. 2001). L-DOPA, used as a drug for
treatment of Parkinson’s disease, is currently chemically produced (Knowles 2003). A
cost-effective means of enzymatic production of L-DOPA has been proposed, with
immobilised tyrosinase used to oxidise L-tyrosine to dopaquinone and ascorbic acid used
to reduce dopaquinone to L-DOPA (Carvalho et al. 2000).

The catechol oxidase from |. batatas has potential application in the medical field in the
quantitative determination of L-DOPA and carbidopa in pharmaceutical preparations. L-
DOPA is used as a neurotransmitter against Parkinson’s disease, and carbidopa is often
present in the same preparation with L-DOPA as an inhibitor of decarboxylase activity.
The catechol oxidase oxidation products of L-DOPA and carbidopa absorb at different
wavelengths so can be detected and quantified (Fatibello-Filho & da Cruz Vieira 1997).
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A laccase system has been proposed as an alternative to a peroxidase system to
convert iodide to iodine, which is used as a disinfectant. This laccase system allows in
situ production of iodine and, differently from the peroxidase system, does not require the
presence of hydrogen peroxide, which is a harmful chemical. The laccase used in this
system is from Myceliophthora thermophila (Xu 1996b). Laccases from Trametes sp.
have potential application in the synthesis of novel antibiotics: i.e., laccases catalyse the
amination of catechols with amino-B-lactams to produce antibiotics, such as
cephalosporins, penicillins, and carbacephems (Mikolasch et al. 2006, Mikolasch et al.
2008).
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2. Aims of the work

The overall aim of the work was to characterise oxidative cross-linking enzymes that can
be used for cross-linking of proteins, as well as proteins with carbohydrates in industrial
food production. The work focused on the characterisation of three oxidoreductases:
catechol oxidase, tyrosinase, and laccase.

The aims of the work at more detailed level were:

1.

Biochemical and structural characterisation of a novel catechol oxidase from the
fungus Aspergillus oryzae. The gene encoding for the A. oryzae catechol
oxidase belongs to the newly discovered short-tyrosinases sequence group
(Publication Il and unpublished).

Detailed characterisation of the extracellular tyrosinase from the fungus
Trichoderma reesei in terms of substrate-specificity and inhibition, and
comparison with the commercially available tyrosinase from Agaricus bisporus
(Publications | and 1V).

Elucidation of the oxidation capacity of fungal laccases using a set of laccases
with different redox potential and a set of substituted phenolic substrates with
different redox potential. The laccases used in this work were the basidiomycete
laccase from Trametes hirsuta and the ascomycete laccases from Thielavia
arenaria and Melanocarpus albomyces (Publication III).

Evaluation of the cross-linking ability of catechol oxidase from A. oryzae,
tyrosinases from T. reesei and A. bisporus and laccases from T. hirsuta, T.
arenaria, and M. albomyces through the use of a-casein proteins as a model
substrate (unpublished).
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3. Material and methods

A summary of the materials and methods used in the work is presented in this Chapter,
detailed descriptions can be found in the original articles (I-1V).

3.1 Substrates and inhibitors

The substrates and inhibitors used in this work are listed in Table 7. Various low-
molecular-weight monophenolic and diphenolic compounds were used for determination
of the substrate-specificity of tyrosinases and catechol oxidase. Tripeptides were used as
a simplified model of protein bound tyrosine for tyrosinases. A range of small chemical
compounds were tested for analysis of the inhibition of Trichoderma reesei tyrosinase
(TrT). 2,2'-Azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS), 2,6-dimethoxy
phenol (2,6-DMP), syringic acid, and methyl syringate were used specifically for the
laccase work (Publication Ill), and a-casein proteins were used as model proteins for
assaying of the cross-linking ability of the enzymes.

3.2 Enzymes

The enzymes studied in this work are listed in Table 8. TrT was produced and purified as
described by Selinheimo et al. (2006b). The intracellular tyrosinase from Agaricus
bisporus (AbT) was purchased from Sigma-Aldrich and purified as described in
Publication I. The extracellular catechol oxidase from Aspergillus oryzae (AoCO4) was
produced in T. reesei under the cbhl promoter and purified as described in Publication II.
Laccase 1 from Thielavia arenaria (TaLccl) was produced and purified as described in
Publication Ill. Laccase from Trametes hirsuta (ThL) was produced and purified as
described by Rittstieg et al. (2002), and laccase from Melanocarpus albomyces (rMaL)
was produced and purified as described in Kiiskinen et al. (2004).
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3. Material and methods

Table 7. Substrates and inhibitors used in this work.

Common name IUPAC name Supplier Studied in
publication
2,6-DMP 2,6-Dimethoxy phenol Aldrich 11l
4-Aminophenol 4-Aminophenol Aldrich Il
4-tert- 4-tert-Butylbenzene-1,2-diol Fluka I-11, Unpublished
Butylcatechol
ABTS 2,2'-Azino-bis(3- Roche 11l
ethylbenzthiazoline-6-sulphonic
acid)
Aniline Phenylamine Sigma I
Benzaldehyde Benzaldehyde Fluka v
Benzoic acid Benzoic acid Merck I, IV
Caffeic acid 3,4-Dihydroxycinnamic acid Fluka -l IV
a-Caseins Calbiochem  Unpublished
(+)-Catechin trans-3,3',4',5,7- Sigma I
hydrate Pentahydroxyflavane
Catechol 1,2-Dihydroxybenzene Fluka I-11, Unpublished
p-Coumaric acid  trans-4-Hydroxycinnamic acid Sigma [, IV
L-DOPA 3,4-Dihydroxy-L-phenylalanine Fluka I, IV
L-Dopamine 4-(2-Aminoethyl)benzene-1,2-diol Sigma I
(-)-Epicatechin (-)-cis-3,3',4',5,7- Sigma Il
Pentahydroxyflavane
GGY Glycine-glycine-tyrosine Bachem I
Guaiacol 2-Methoxyphenol Sigma Il
GYG Glycine-tyrosine-glycine Bachem I
Hydrogen Dihydrogen dioxide Merck Unpublished
peroxide
Hydroxycaffeic 3-(3,4-Dihydroxyphenyl) propanoic  Aldrich [l
acid acid
Kojic acid 5-Hydroxy-2-(hydroxymethyl)-4H- Merck v
pyran-4-one
MBTH 3-Methyl-2-benzothiazolinone Sigma I
hydrazone
Methyl syringate  Methyl 3,5-dimethoxy-4- Aldrich 1]
hydroxybenzoate
Phenol Hydroxybenzene Merck [l
Phloretic acid 3-(4-Hydroxyphenyl) propanoic Aldrich I
acid
Potassium Potassium cyanide Merck v
cyanide
L-Tyramine 2-(4-Hydroxyphenyl) ethylamine Sigma I
L-Tyrosine 3-(4-Hydroxyphenyl)-L-alanine Sigma I, IV
p-Tyrosol 2-(4-Hydroxyphenyl) ethanol Aldrich [l
Sodium azide Sodium azide Merck v
Syringic acid 4-Hydroxy-3,5-dimethoxybenzoic Fluka 1]
acid
YGG Tyrosine-glycine-glycine Bachem I
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Table 8. Enzymes studied in this work.

Enzyme Origin Abbreviation Reference Studied in
publication
Tyrosinase  Trichoderma TrT Selinheimo etal. I, IV
reesei 2006b
(EC 1.14.18.1)
Agaricus bisporus  AbT Purchased from [, IV
Sigma-Aldrich
Catechol Aspergillus AoCO4 Produced and I,
oxidase oryzae purified as Unpublished
1103 described in
(EC1103.1) Publication 11
Laccase Thielavia arenaria  Talccl Produced and 1
purified as
(EC1103.2) described in
Publication IlI
Trametes hirsuta  ThL Rittstieg et al. 1
2002
Melanocarpus rMaL Kiiskinen et al. 1]
albomyces 2004

(recombinant)

3.3 Enzyme activity assays

Tyrosinase activity was measured with 15 mM L-DOPA or 2 mM L-tyrosine as the
substrate. Activity assays were performed in 0.1 M phosphate buffer pH 7.0 at 25 °C,
either by monitoring of dopachrome formation at 475 nm (€gopachrome=3400 Mt cem™) as
described by Robb (1984) or by monitoring of the consumption of the co-substrate
molecular oxygen, with a single-channel fibre-optic oxygen meter for mini-sensors
(Precision sensing GmbH, Regensburg, Germany) as described by Selinheimo et al.
(2006b).

Catechol oxidase activity was measured with 15 mM catechol and 15 mM 4-tert-
buthylcatechol (TBC) as substrates. Activity assays were performed at 25 °C in 0.1 M
phosphate buffer pH 7.0, with monitoring of the quinone formation at 400 nm
(Equinone=1450 M cm™%; €o-erbuyiquinone=1200 M™* cm™) as described by Robb (1984).

Laccase activity was measured with ABTS as a substrate. Activity assays were
performed at 25 °C in 25 mM succinate buffer pH 4.5, with the product formation
monitored at 436 NM (€proauc=29300 M™* cm™) as described by Niku-Paavola et al.
(1988).
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3.4 Production and purification of enzymes

3.4.1 Production and purification of catechol oxidase from Aspergillus oryzae
(Publication Il)

The putative tyrosinase protein sequences were retrieved via the VTT in-house database
(Arvas et al. 2007). The putative tyrosinase AoCO4 gene (Entrez gene ID 5990879) was
amplified by PCR from the genomic DNA of the A. oryzae strain VTT-D-88348. The
AoCO4 gene was ligated into the T. reesei expression construct pMS186 to create the
plasmid pGF007. The construct pGF007 was transformed into T. reesei strain VTT-D-
00775 (Penttila et al. 1987). Transformants were selected as described by Selinheimo et
al. (2006b). Based on shake flask cultures, the best overexpressing transformant of
AoCO4 was grown in a bioreactor of a volume of 10 L.

For purification of AoCO4, a concentrated culture supernatant was first desalted on a
PD-10 desalting column (Sephadex G-25 medium, GE Healthcare) in 20 mM sodium
acetate buffer, pH 4.8. The desalted sample was applied to a HiPrep™ 16/10 CM
Sepharose Fast Flow column (20 mL volume, Amersham Biosciences, Uppsala,
Sweden), in 20 mM sodium acetate buffer, pH 4.8. Bound proteins were eluted with a
linear NaCl gradient (0-150 mM in 20 column volumes) in the equilibration buffer.
Catechol-positive fractions were pooled, concentrated with a Vivaspin concentrator (20
mL, 5000-Da MWCO; Vivascience, Hannover, Germany), and subjected to anion-
exchange chromatography in a ResourceQ column (6 mL volume, Amersham
Biosciences, Uppsala, Sweden) in 10 mM Tris-HCI buffer, pH 7.2. Bound proteins were
eluted with a linear NaCl gradient (0—150 mM in 20 column volumes) in the equilibration
buffer. Active fractions were pooled, concentrated, and stored at —20 °C in aliquots. SDS-
PAGE (12% Tris-HCl Ready Gel, Bio-Rad) was performed according to Laemmli (1970).
Coomassie Brilliant Blue (R350; Pharmacia Biotech, St Albans, UK) was used for staining
the proteins, and prestained SDS-PAGE standards (Broad Range, Cat no. 161-0318)
were used for the determination of molecular weight.

3.4.2 Production and purification of laccase from Thielavia arenaria (Publication III)

Thielavia arenaria laccase 1 (TalLccl) was produced at Roal Oy (Rajamaki, Finland) with
T. reesei used as a host organism, as described by Paloheimo et al. (2006).

For purification of TalLccl, a concentrated culture supernatant was first desalted on a
Sephadex G-25 M column (70 mL volume, Pharmacia Biotech, Uppsala, Sweden) in 5
mM Tris-HCI buffer pH 8.5. The desalted sample was applied to a DEAE Sepharose Fast
Flow column (70 mL volume, Amersham Biosciences, Uppsala, Sweden), in 5 mM Tris-
HCI buffer, pH 8.5. Bound proteins were eluted with a linear sodium sulphate gradient (0—
100 mM in 6 column volumes) in the equilibration buffer. ABTS-active fractions were
pooled, concentrated with a Vivaspin concentrator (20 mL, 10000-Da MWCO;
Vivascience, Hannover, Germany), and subjected to anion-exchange chromatography in
a ResourceQ column (6 column volume, Amersham Biosciences, Uppsala, Sweden) pre-
equilibrated in 5 mM Tris-HCI buffer pH 8.5. Bound proteins were eluted with a linear
sodium sulphate gradient (0-100 mM in 20 column volumes) in the equilibration buffer.
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ABTS-active fractions were pooled, concentrated with a Vivaspin concentrator (20 mL,
10000-Da MWCO; Vivascience, Hannover, Germany). Subsequently, the buffer was
changed to 20 mM Tris-HCI pH 7.2 on a PD-10 desalting column (Sephadex G-25
medium, GE Healthcare).

3.5 Biochemical characterisation of enzymes

3.5.1 Biochemical and structural characterisation of catechol oxidase from
Aspergillus oryzae (Publication Il and unpublished results)

The isoelectric point of AoCO4 was determined by isoelectric focusing on an LKB 2117
Multiphor Il Electrophoresis System. Catecholase activity was visualised by staining of
the gel with 15 mM 4-tert-butylcatechol (TBC) in 0.1 M phosphate buffer, pH 7.0, and
proteins were visualised via Coomassie Blue staining. The molecular weight of AoCO4
was determined by MALDI-TOF MS with an Ultraflex TOR/TOF instrument (Bruker
Daltonik, Bremen, Germany). Tryptic peptides were analysed by MALDI-TOF MS. The N-
terminus of AoCO4 was sequenced with a PE Biosystems Procise Sequencer (PE
Biosystems, Foster City, CA, USA) on the basis of Edman degradation as described by
Kiiskinen et al. (2002).

Determination of the pH optimum of AoCO4 was carried out at 25 °C with 15 mM TBC
as a substrate in 50 mM sodium acetate buffer in the pH range 4.0-5.6, in 50 mM
phosphate buffer in the pH range 5.8-8.0, and in 50 mM Tris-HCI buffer in the pH range
7.5-8.6. The stability of AoCO4 at different pH-values was determined through incubation
of the enzyme at different pHs at 25 °C for one, two, and three days in 50 mM Mcllvaine
universal buffer, and with measurement of the residual activity on TBC as described in
Section 3.3. Temperature stability of AoCO4 was determined with the enzyme placed at
30 °C, 40 °C, 50 °C, and 60 °C in Tris-HCI buffer, pH 7.2, with measurement of the
residual activity on TBC as described in Section 3.3.

The substrate-specificity of AoCO4 was qualitatively evaluated on the basis of
following the colour change of the substrate visually after 30 minutes of incubation of the
enzyme with different substrates: L-tyrosine, p-coumaric acid, tyramine, phloretic acid,
phenol, 4-aminophenol, tyrosol, 4-mercaptoethanol, guaiacol, creasol, aniline, caffeic
acid, hydrocaffeic acid, dopamine, L-DOPA, 3,4-dihydroxy-D-phenylalanine (D-DOPA),
catechol, TBC, ABTS, (-)-epicatechin, and (+)-catechin at 25 °C. All the substrates tested
were dissolved in 0.1 M phosphate buffer, pH 7.0, to a final concentration of 15 mM,
except L-tyrosine, which was used in 2 mM final concentration. Kinetic constants Ky,
Vmax, and kear Of AOCO4 on catechol, caffeic acid and hydrocaffeic acid were determined
by means of spectrophotometric measurements at 25 °C in 0.1 M phosphate buffer, pH
7.0, monitoring the quinone formation at 400 nm for catechol and TBC (€quinone=1450 Mt
cM ™ Eotertbuyiquinone=1200 M™* cm™), and at 460 nm for hydrocaffeic acid (€quinone=1120
Mt cm™) (Waite 1976). The enzyme concentration was 6.4 mM (0.25 mg mL™) with all
the three substrates. The Michaelis—Menten curves for determination of Ky, Vimax and Keat
were obtained by curve-fitting analysis with the GRAPHPAD PRISM 4.01 program
(GraphPad Software Inc., San Diego, CA, USA).
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For the characterisation of the secondary structure of AoCO4, intrinsic fluorescence
intensity measurements were carried out by means of a Varian Cary Eclipse
Fluorescence Spectrophotometer according to Gheibi et al. (2005), and far UV (250-190
nm) circular dichroism (CD) spectra were recorded on a Jasco model J-720 CD
spectrophotometer as described by Boer and Koivula (2003). The UV/VIS absorption
spectra were obtained with a Varian Cary 100 Bio spectrophotometer at 25 °C using a
quartz cuvette (1 cm path length). Titration of AoCO4 with hydrogen peroxide (H20,) was
performed in 10 mM Tris-HCI buffer, pH 7.2. The spectrum was recorded immediately
after an addition of equivalents (0—10 equivalents) of hydrogen peroxide to a solution
containing AoCO4 (0.1 mM). Difference spectra of AoCO4 were obtained by subtracting a
spectrum of the native AoCO4 from that of H,O, treated AoCO4. The percentage of oxy-
form present in the native form of AoCO4 was calculated as relative to the 100% oxy-form
of AoCO4 generated after addition of 10 equivalents of H»O, using the following equation:

(ﬂ) of native AoC04

oxy — form in native AoC04 (%) = = 4280

m) of 10 eq.H,0, treated AoCO4

*100

Crystallisation experiments were performed via the hanging-drop vapour-diffusion method
in Linbro 24-well plates and the commercial screens Crystal Screen (Hampton Research)
and Clear Strategy Screen (Molecular Dimensions) as described by Kaljunen et al.
(2011). Several optimisation screens were done and the best measurable crystals grew in
a solution containing 12% PEG 8000, 10% ethanol, 0.2 M magnesium chloride, and 0.1 M
acetate buffer, pH 4.5. The X-ray data from crystals of a preparation containing both
processed and non-processed forms of AoCO4 were collected at DESY bean line X12,
whereas the X-ray data from crystals of a preparation containing only the processed form
of AoCO4 were collected at ESRF beam line ID14-1. X-ray data analysis of these crystals
is still in progress.

3.5.2 Biochemical characterisation of tyrosinase from Trichoderma reesei
(Publications | and IV)

The substrate specificity of TrT and AbT was analysed on small mono- and diphenolic
compounds and tyrosine-containing tripeptides. Kinetic constants Ky and Vmaxof TrT and
AbT with the small mono- and diphenolic compounds were determined in line with the
enzymatic reaction by spectrophotometer as described in Section 3.3. The enzyme
concentrations of TrT and AbT were 3.8 ug mL™ and 3.1 pg mL™, respectively for the
monophenols and 0.9 ug mL™ and 0.8 ug mL™, respectively for the diphenols. Kinetic
constants Ku, Vmax and keae for TrT and AbT with the tyrosine-containing peptides were
determined on the basis of the consumption of the co-substrate oxygen during the
enzymatic reaction. The enzyme concentrations of TrT and AbT were 22 pg mL™* and 17
Hg mL™, respectively.

The oxidation of L-DOPA by TrT and AbT was also followed by mass
spectrophotometry, using a 4.7-T Bruker APEX-Qe Fourier-transform ion cyclotron
resonance (FT-ICR) mass spectrometer (Bruker Daltonics, Billerica, MA, USA) in the
negative mode. lons of interest were further isolated by mass-selective quadrupole, and
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subsequently irradiated with IR-photons for infrared multhiphoton dissociation (IRMPD).
Enzymatic oxidation of L-DOPA to dopachrome by tyrosinases was carried out at 25 °C in
0.1 M ammonium acetate solution pH 7.0. The reaction was started by an addition of the
tyrosinase (15 pg mL™) to L-DOPA (1 mM) solution, and the formation of dopachrome
was followed by mass spectrophotometry at predetermined time intervals.

To evaluate the product inhibition of TrT, dopachrome was prepared via 30 minutes’
enzymatic oxidation of 5 mM L-DOPA with AbT (0.7 mg mL™) at 25 °C in 0.1 M sodium
acetate buffer, pH 5.6. The enzyme was removed by means of ultracentrifugation in a
Vivaspin concentrator (20 mL, 5000-Da MWCO; Vivascience, Hannover, Germany). The
concentration of the dopachrome formed in the solution was calculated from the intensity
of absorbance at 475 nm, with the extinction coefficient €gopachrome=3400 Mt em™
Dopachrome product inhibiton of TrT was analysed by oxygen consumption
measurements at 25 °C in 0.1 M sodium acetate buffer, pH 5.6. The reaction mixture
typically contained 8 mM L-DOPA and had a varying concentration of dopachrome (from
0 to 1.5 mM). The enzyme concentration of TrT was 7 ug mL™.

The inhibition of TrT by potassium cyanide, sodium azide, arbutin, kojic acid,
benzaldehyde, and benzoic acid was analysed with caffeic acid and p-coumaric acid used
as substrates. The reactions were carried out in 0.1-15 mM substrate and 0-60 mM
inhibitor concentrations at 25 °C in 0.1 M phosphate buffer, pH 7.0. The enzyme
concentrations were 3 pg mL ™" for caffeic acid and 6 pg mL™ for p-coumaric acid
oxidation. The initial rate of product formation was determined as the increase of
absorbance at wavelength 480 nm per minute for caffeic acid and at 360 nm per minute
for p-coumaric acid. The type of inhibition and the K; constant for each inhibitor were
determined, with the data plotted as Lineweaver-Burk and Dixon plots. The Cornish plot
was used for determination of the K’ constant.

3.5.3 Determination of kinetic parameters of laccases from Thielavia arenaria,
Melanocarpus albomyces, and Trametes hirsuta (Publication III)

Kinetic parameters Ky and Vmax, for the laccases rMalL, Talccl, and ThL were
determined at 25°C with 2,6-DMP, syringic acid, and methyl syringate both in 25 mM
succinate buffer, pH 4.5 and in 40 mM MES buffer, pH 6.0. Kinetic measurements were
performed by spectrophotometric assay, following the product formation at specific
wavelengths as described in Section 3.3. The kinetic parameters were calculated via
curve-fitting analysis by means of the GRAPHPAD PRISM 4.01 program (GraphPad
Software Inc., San Diego, CA, USA). The pH optima of the three laccases were
measured at 25 °C with a substrate concentration of 1.7 mM in Mcllvaine's universal
buffer at pHs from 2 to 8.

3.5.4 Enzymatic cross-linking of a-caseins by catechol oxidase, tyrosinases, and
laccases (Unpublished results)

The ability of catechol oxidase (AoCO4), tyrosinases (TrT and AbT), and laccases

(TaLccl, rMaL, and ThL) to cross-link model protein a-caseins was studied as described
by Selinheimo et al. (2007b), with few modifications. a-Casein proteins were dissolved in
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0.1 M phosphate buffer, pH 7.0, at a concentration of 3 g L™. Also studied was the
potential of a cross-linking agent, i.e., a small phenolic molecule to induce cross-linking
reactions. Catechol (2 mM) was used a cross-linking agent in the cross-linking
experiments with catechol oxidase- or tyrosinase, whereas p-coumaric acid (2 mM) was
the cross-linking agent in the experiments with laccase. The enzyme dosages were 10,
100 and 1000 nkat g'l of a-caseins. The activity of AoCO4, TrT, and AbT was measured
on catechol, while that of TaLccl, rMaL, and ThL on ABTS. The corresponding amounts
of protein used were 1, 10, and 100 mg of AoCO4 g'l of a-caseins, 0.016, 0.16, and 1.6
mg of TrT g* of a-caseins, 0.011, 0.11, and 1.1 mg of AbT g* of a-caseins. The
enzymatic incubations with a-caseins were performed at 25 °C for two and 24 hours, after
which the samples were transferred to 95 °C for ten minutes for inactivation of the
enzymes. The enzymes’ efficiency in cross-linking the a-caseins was monitored through
SDS-PAGE analysis with Criterion strain-free 4—20% gradient gels (BioRad).
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4.1 Biochemical and structural characterisation of a catechol
oxidase from Aspergillus oryzae (Publication Il and unpublished
results)

4.1.1 Discovery and production of Aspergillus oryzae catechol oxidase

A bioinformatics approach was used to discover novel fungal extracellular tyrosinases.
The VTT in-house data base of public genomes of fungi (Arvas et al. 2007) was searched
for sequences containing the tyrosinase Interpro entry (IPR002227) and an N-terminal
signal sequence. In total, 134 sequences were retrieved, of which 114 sequences had the
HA1-X(n)-HA2-X(8)-HA3 and HB1-X(3)-HB2-X(n)-HB3 pattern for the CuA and CuB site
of tyrosinases and catechol oxidases. The 114 sequences clearly fell into two groups on
the basis of their length. Proteins with a length of 500-800 amino acids were hamed “long
tyrosinases” while proteins with a length 300-500 amino acids as “short tyrosinases”.
Both long and short tyrosinases contained the conserved residues for tyrosinases, the
conserved N-terminal Arg residue, the C-terminal “tyrosine motif” (Y-X-Y/F or Y/F-X-Y),
and the two conserved His patterns, that co-ordinate the two copper ions at the active site
of tyrosinases and catechol oxidases (Flurkey & Inlow 2008).

Three main differences between the long and short tyrosinases were found: a) the
histidine pattern of CuA was HA1-X(7)-HA2-X(8)-HA3 in the short tyrosinases, whereas it
was HA1-X(n)-HA2-X(8)-HA3, with n=20-23 amino acids in the long tyrosinases; b) the
short tyrosinases presented a stop codon a few residues after the conserved C-terminal
“tyrosine motif” and, accordingly, the linker region and the C-terminal domain were absent
in these sequences; and c) a novel conserved pattern of six Cys was found in the short
tyrosinases, but not in the long tyrosinases (Figure 9). The short tyrosinase sequence
from Aspergillus oryzae (AoCO4; UniProtKB: Q2UNF9; Entrez gene ID: 5990879) had
14.7% overall amino acid sequence homology with the sequence of Trichoderma reesei
tyrosinase (TrT), which has been shown to have excellent cross-linking properties
(Selinheimo et al. 2007b). The A. oryzae short tyrosinase gene was chosen for cloning
and expression as a representative of short putative tyrosinase proteins.
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Long tyrosinases (500 + 800 amino acids) >
HA1-X(20+23)-HA2-X(8)-HA3 HB1-X(3)-HB2-X(20+33)-HB3

[ I Iﬂ N-terminal\M [ C-terminal |

t

Signal o CuA CuB YxYIF or YIFxY motif

plpnde bindiniregion binding region

mE| w [ Nemma ] ﬂ%]
HA1-X(7)-HA2-X(8)-HA3 HB1-X(3)-HB2-X(20+33)-HB3

< Short tyrosinases (300 + 500 amino acids) >
50 aa

Figure 9. Schematic representation of the domains and the conserved residues of long
and short tyrosinase sequences. Colour legend: signal peptide in orange, N-terminal
domain in light blue, linker region in light green, C-terminal domain in light grey, copper-
binding regions in blue, conserved Arg (R), conserved “tyrosine motif’ (Y-X-Y/F or Y/F-X-
Y) in purple, conserved Cys in yellow. HA1, HA2, and HA3 are the His residues co-
ordinating the first copper ion (CuA), HB1, HB2, and HB3 are the His residues co-
ordinating the second copper ion (CuB), and X is a generic amino acid residue.

The A. oryzae short tyrosinase gene was heterologously expressed in T. reesei.
Transformants were first selected on plates containing L-tyrosine (55 mM) and copper
(0.1 mM) and subsequently grown in shake flasks in medium supplemented with copper.
Positive transformants grown on plates showed a black colour around the colonies, which
indicates an oxidation of L-tyrosine. Differently, the transformants grown in liquid cultures
did not show a significant activity on L-tyrosine and a high background was found in
measurement of the activity of the parental strain on L-DOPA. Liquid cultures were thus
selected on the basis of their activity on catechol. Despite the indications of tyrosine
oxidation on the plate cultivation, the protein produced did not in the end show activity on
L-tyrosine and L-DOPA, which are typical substrates for tyrosinases. Instead, it showed
activity on catechol, which is a typical substrate of catechol oxidases. Therefore, the
protein was classified as a catechol oxidase and named AoCO4. Production of AoCO4
was first optimised in shake flasks in different copper concentrations (0-6 mM), and
subsequently AoCO4 was produced in a 10 L bioreactor in inducing medium at pH 5.5
with 0.5 mM copper. Expression of AoCO4 resulted in high yields, approximately 1.5 g L™
protein.

4.1.2 Purification and characterisation of Aspergillus oryzae catechol oxidase
AoCO4 was purified with a two-step ion-exchange chromatography. The buffer-

exchanged culture filtrate was applied to cation-exchange chromatography, with the
catechol-active protein eluted in two fractions, at 60 and 90 mM salt concentration. The
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main activity was eluted at 90 mM salt concentration. Both fractions were further purified
via strong anion-exchange chromatography. The MALDI-TOF MS analysis of purified
AoCO4 from the fraction eluted at 90 mM resulted in a molecular weight (MW) of 39.3
kDa, and the fraction eluted at 60 mM in a mixture of MWs 39.3 and 40.5 kDa. The first
amino acid in the N-terminus of the shorter form of AoCO4 was Gly45, whereas the
fraction eluted at 60 mM salt concentration contained equimolar concentrations of
proteins starting with Alal and Gly45. Interestingly, a Kex2/furin-type cleavage site was
identified in AoCO4 (Lys43-Arg44). Kex2/furin-type proteases are known to be involved in
the maturation of proteins in the Golgi apparatus of T. reesei (Goller et al. 1998). The
processed form had the conserved Arg residue (Arg55) after the Kex2/furin-type cleavage
site in the sequence. This conserved Arg residue is part of a short strand that forms a
parallel B-sheet with the conserved “tyrosine motif’. The parallel B-sheet is structurally
conserved in tyrosinases and catechol oxidases and it is important for keeping together
the N-and C-terminal ends of the polypeptide chain (Flurkey & Inlow 2008). The results
suggest that AoCO4 is a processed protein, from which the first 69 amino acids are
cleaved. However, for some reasons the processing was not complete and also a small
fraction (0.2%) of non-processed protein was found from the culture supernatant. It
should be pointed out that both forms had similar specific activity on catechol. The work
was continued with the processed from of AoCO4.

A0CO4 had a pH optimum in the acidic pH range (pH optimum 5-7), which is similar to
the pH optimum of the fungal catechol oxidase from Alternaria tenuis, but different from
the pH optima of catechol oxidases of plant origin, e.g., the catechol oxidase from Ipomea
batatas (IbCO) has the pH optimum at 7.8 (Eicken et al. 1998). AoCO4 retained 50% of
its activity after two hours incubation at 60 °C (pH 7.2). Thus, in the tested conditions
AoCO4 was more thermostable than A. tenuis catechol oxidase, which is inactivated after
30 minutes of incubation at 60 °C (pH 5.2) (Motoda 1979a, Motoda 1979b).

AoCO4 was found to be active on the diphenolic substrates catechol, caffeic acid,
hydrocaffeic acid and 4-tert-buthylcatechol (TBC), and on the monophenolic substrates
aminophenol and guaiacol. AoCO4 was found not to be active on L-tyrosine and L-DOPA.
Furthermore, AoCO4 showed weak activity on phenol, tyrosol, p-creasol, and aniline. The
affinity of AoCO4 for all tested substrates was generally low. AoCO4 showed the highest
affinity to catechol and lower affinity to caffeic acid, hydrocaffeic acid and TBC. Similarly
low affinity of plant catechol oxidases from |. batatas and Lycopus europaeus have been
reported for catechol (Km=5 mM for both catechol oxidases) (Eicken et al. 1998, Rompel
et al. 1999b). The turnover number (kea;) and the specificity constant (kca/Ku) of AoCO4
were significantly lower than the kea Of L. europeus and I. batatas for these substrates
(data not shown). Hydrocaffeic acid is a structural analogue to caffeic acid, but it lacks the
conjugation in the lateral chain. It has been suggested that substrates lacking this
conjugation act as substrate analogues of tyrosinases and catechol oxidases and inhibit
the enzyme (Fan & Flurkey 2004). Rompel et al. (1999b) reported that a catechol oxidase
from L. europeus has high affinity on hydrocaffeic acid (Km=4.3 mM), which is lower than
the Ky measured for AoCO4 by a factor ten. It is possible that hydrocaffeic acid is more a
substrate analogue of AoCO4 rather than a substrate of AoCO4. A summary of the
characteristics of AoCO4 is shown in Table 9.

62



4, Results and discussion

Table 9. Characteristics of the Aspergillus oryzae catechol oxidase (AoCO4).

Property

Result

Methods

Molecular weight
N terminus
Isoelectric point
pH Optimum

pH Stability

Tie

Tm

Compounds with
which AoCO4
showed activity

Compounds with
which AoCO4 did not
show activity

Active site

Secondary structure

Tertiary structure

39.3 kDa (40.5 kDa) °
Gly45 (Ala1)®

5.2

pH 5-7

> 75% Activity retained in the pH range 5-9
after 48 hours of incubation

20 Hours at 50 °C (pH 7)
2 hours at 60 °C (pH 7)

70 °C

Catechol (Ky=3.320.9 mM), caffeic acid
(Km=7.9£1.2 mM), hydrocaffeic acid
(Km=52.4+6.5 mM), TBC, aminophenol and
guaiacol

L-DOPA, D-DOPA, dopamine, L-tyrosine,
tyramine, phloretic acid, 4-mercaptoethanol
and ABTS

Type 3 copper site
Absorption maximum at 350 nm
A dioxygen moiety bridged to CuA and CuB

Negative peaks at 200 nm and 230 nm in the
far-UV spectrum, indicating a helical structure
Maximum intensity at 330 nm when AoCO4
was excited at 280 nm, indicating the presence
of exposed aromatic residues on the surface of
the protein

2.5 A Resolution

Monomer

Four-helix-bundle core domain

Three disulphide bridges

Four glycosylation sites (Asn30, Asn104,
Asn222, and Asn238)

MALDI TOF-MS
N-terminal sequencing
Isoelectric focusing
Activity measurements

Activity measurements

Activity measurements

Circular dichroism

Activity measurements

Activity measurements

UV/VIS spectroscopy;
crystallography

Circular dichroism

Fluorescence
spectroscopy

X-ray data of crystals
formed in hanging-drop
method

# The molecular weight and the N-terminus of the non-processed form of AoCO4 are shown in

parenthesis.
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4.1.3 Crystal structure and spectroscopic features of Aspergillus oryzae catechol
oxidase

A crystal structure of AoCO4 was solved at 2.5 A resolution from the crystals obtained
from a preparation containing both the non-processed and the processed form of the
enzyme. The overall structure of AoCO4 was mainly o-helical (Figure 10). The folding of
AoCO4 was stabilised by the three disulphide bridges, which are conserved with the short
tyrosinases (Figure 9, Table 10). The core of the enzyme was formed by a four-helix
bundle (a3, a4, a8 and a9) where the catalytic site is found. The two copper ions in the
catalytic centre each were co-ordinated each by three His residues. The first His residue
that co-ordinates the CuA (HA1) was found to be His102, making the His pattern HA1-
X(7)-HA2-X(8)-HA3, which is distinctive of the short-tyrosinase sequences. However, the
sequence of AoCO4 contained two putative His residues (His86 and His102), and either
of these His residues could hypothetically be the HA1 residue that co-ordinates the CuA
copper ion. If the residue His86 co-ordinates CuA, the sequence of AoCO4 would be
compatible with the long-tyrosinases.

A X B

C-terminus N-terminus

Figure 10. (A) A cartoon representation of the structure of the catechol oxidase from
Aspergillus oryzae (AoCO4). The extra helix of the non-processed form of AoCO4 is
shown in light blue. The copper ions at the active site are shown as orange spheres. (B)
Comparison of the active site of A. oryzae catechol oxidase (blue) and Ipomea batatas
catechol oxidase (light blue). The residues Phe241 and lle241 of I. batatas catechol
oxidase are also indicated. The copper ions in the active site are shown as orange
spheres and the dioxygen moiety in red. (Unpublished results.)

The distance between CuA and CuB in the active site of AoCO4 was 4.1 A and an
elongated electron density was observed amidst CuA and CuB. A dioxygen moiety was
found as bridging molecule between the two copper ions. The active site was studied also
by spectroscopy. The UV/VIS absorption spectrum of AoCO4 showed a distinct maximum
absorbance at 350 nm (Figure 11), suggesting that peroxide was present in the active
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site of AoCO4 as reported for the oxy-forms (i.e., the enzyme form active on
monophenols) of catechol oxidases and tyrosinases (Solomon et al. 1996). The oxy-form
of catechol oxidases can be generated by addition of hydrogen peroxide (H-O-) to the
enzyme, and it has been shown to give a maximum absorption at 350 nm, whereas the
met-form of the enzyme does not show a clear maximum of absorbance at this
wavelength (Jolley et al. 1974, Rompel et al. 1999a, Rompel et al. 2012). The UV/VIS
absorption spectrum of AoCO4 showed a clear maximum at 350 nm without any H,O;
addition; however, addition of H,O, transformed the enzyme totally to oxy-form. Five
equivalents of H,O, where needed for saturating AoCO4 to its oxidised form. From the
ratio of the intensities of the absorbance at 350 nm of the untreated and treated enzyme,
it was calculated that 35% of the untreated AoCO4 was in the oxy-form. This is
significantly higher than the values reported for tyrosinases and catechol oxidases. For
example, approximately 10-15% of AbT is in the oxy-form (Solomon et al. 1996). Despite
35% of the AoCO4 being in the oxy-form, AoCO4 did not have significant activity on
monophenols, suggesting that the active site geometry and the essential amino acids
around the active site determine the ability to oxidise monophenols.

The first three-dimensional structure of a catechol oxidase and of a tyrosinase were
revealed from the plant Ipomea batatas (IbCO) (Klabunde et al. 1998) and the bacterium
Streptomyces castaneoglobisporus (ScT) (Matoba et al. 2006), respectively. More
recently, the three-dimensional structures of the bacterial tyrosinase from Bacillus
megaterium (BmT) (Sendovski et al. 2011) and of the fungal tyrosinase from Agaricus
bisporus (AbT) (Ismaya et al. 2011) were published. The reason catechol oxidases are
not able to oxidise monophenols has been suggested to be related to a more restricted
access of the substrates to the CuA site at the active site.

A Phe residue in IbCO (Phe261) clearly blocks the access of a substrate to the CuA at
the active site, and it has been defined as a gatekeeper residue. Differently, in ScT the
access to the active site is more open due to a smaller Gly residue (Gly203) instead of
the Phe261 residue in IbCO. In the solved three-dimensional structure of ScT the active
site was found to be occupied by a Tyr residue (Tyr98), which belongs to the co-
crystallised caddie protein. This residue (Tyr98) was also suggested to function as a
gatekeeper residue, keeping the active site of ScT occupied and thus preventing the
binding of a substrate. A Val residue is present in BmT (Val218) and AbT (Val283) in the
location of the gatekeeper residue (Phe261 in IbCO). A Val residue is less bulky than a
Phe residue, so the active site of BmT and AbT is more accessible than the active site of
IbCO. In the AoCO4 structure a Val residue (Val299) was found at the gatekeeper
position, similarly to BmT and AbT. Despite of that, AoCO4 did not show a
monophenolase activity on L-tyrosine, and t it was classified as a catechol oxidase.

Klabunde et al. (1998) suggested that a conserved Glu residue (Glu236 in IbCO) may
assist in deprotonating the substrate at the active site of catechol oxidases and
tyrosinases (Figure 12 and Table 10). Similarly to IbCO, a Glu residue is present in the
structures of BmT (Sendovski et al. 2011), ScT (Matoba et al. 2006), and AbT (Ismaya et
al. 2011) tyrosinases, whereas a GIn residue is present in the human tyrosinase and a
Leu residue in Neurospora crassa tyrosinase (Klabunde et al. 1998). In AoCO4 a Gin
residue (i.e., GIn273) was found, as in human tyrosinase, but unlike BmT, ScT, and AbT.
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Figure 11. UV/VIS absorption spectra of Aspergillus oryzae catechol oxidase (AoCO4)
and AoCO4 titrated with hydrogen peroxide (H202) (A) UV/VIS absorption spectra of the
untreated AoCO4 and of the H,0, treated AoCO4. The enzyme concentration was 30 pM
and H,O, was added to AoCO4 in 1-10 equivalents (eq.). Spectra were recorded in 10
mM Tris-HCI buffer, pH 7.2 by means of a Varian Cary 100 Bio spectrophotometer
immediately after the addition of H,O,. (B) Difference spectra of AoCO4: H,0, treated
minus untreated enzyme. In the inset, the difference in absorbance (AA) at 350 nm is
reported as a function of equivalents of H.O, added. (Unpublished results)
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Figure 12. Amino acid sequence alignment of Aspergillus oryzae catechol oxidase
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(AoCO4; UniPROTKB: Q2UNF9), Bacillus megaterium tyrosinase (BmT; UniProtKB:
Ipomea batatas catechol oxidase (IbCO; UniProtKB: Q9ZP19), Vitis vinifera catechol

oxidase (VvCO; UniProtKB: P43311), and Agaricus bisporus tyrosinase (AbT; UniProtKB:
delimiting the core region in green, the disulphide bonds in yellow, the N-terminus in light

blue. The triangles indicate the conserved residues involved in the interaction between C-
sequences was done according to their structures. The figure was produced by means of

ALINE (Bond & Schuttelkopf 2009). (Unpublished results)
donor. The preliminary structure and the UV/VIS spectroscopic data for AoCO4 may

and N-termini, the star the conserved proton donator residue. The numbering of the
wherein the oxygen could be bound to the active site as hydroperoxide during the
catalytic cycle and in which no external base/acid is needed for proton acceptor and
support the reaction mechanism proposed by Siegbahn (2004). Further studies on the
active site of AoCO4 are in progress and may elucidate the critical differences in the
catalytic cycles of catechol oxidases and tyrosinases.

Siegbahn (2004) suggested a different reaction mechanism for catechol oxidases,

B27B02), Streptomyces castaneoglobisporus tyrosinase (ScT; UniProtKB: Q83WS2),
C7FF04). The copper-co-ordinating His residues are marked in red, the residues
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4.2 Detailed characterisation of the tyrosinase from Trichoderma
reesei and comparison with the tyrosinase from Agaricus bisporus
(Publications | and V)

4.2.1 Characterisation of the substrate-specificity of tyrosinases from
Trichoderma reesei and Agaricus bisporus

Among the studied tyrosinases, the extracellular tyrosinase from Trichoderma reesei
(TrT) has been shown to have unigque ability for cross-linking of proteins, and therefore
TrT has potential application in protein cross-linking for industrial purposes (Selinheimo et
al. 2007b). The fungal tyrosinase from Pycnoporus sanguineus can also cross-link
proteins, but less efficiently than TrT. Unlike TrT, the commercial tyrosinase from
Agaricus bisporus (AbT) and the plant tyrosinases from potato and apple can cross-link
proteins only in the presence of a small diphenolic substrate acting as a cross-linking
agent (Selinheimo et al. 2007b). A detailed characterisation of the substrate-specificity of
TrT and AbT was carried out to increase understanding of the substrate-specificity of
tyrosinases and thus also of the applicability of tyrosinase enzymes.

Tripeptides containing a Tyr residue in different positions (GGY, GYG, and YGG) and
L-tyrosine (Y) were used as a model for peptide-bound Tyr residues. The Ky and Vmax
values for TrT and ADbT for the tripeptides and L-tyrosine were determined by following of
the consumption of the co-substrate molecular oxygen via polarography (Table 11). TrT
and AbT performed differently on these model substrates. TrT showed very low affinity for
Y and the kinetic parameters could not be determined (Figure 3 in Publication 1), whereas
the Ku values of AbT for the peptides were more than a factor ten lower than those of
TrT. However, the turnover numbers (kca) were relatively similar between the two
enzymes. TrT had lower affinity on YGG than on the GGY or GYG, and the highest kca
was seen for GGY. With AbT the Ky and kear Values were relatively similar to those with
the three peptides. Clearly, therefore, the position of Y in the peptides affected the affinity
and the reaction rate of TrT, whereas with AbT the position of Y in the peptide did not
have a worthy effect. Furthermore, the lag periods (i.e., the time before the reaction
products of monophenolase activity are produced at a linear/maximal rate) were shorter
for TrT than for AbT and were not affected by the position of Y in the peptides.

The reaction end-products of the TrT- and AbT-catalysed oxidation of the three
peptides were similar between the two tyrosinases. The reaction product of tyrosinase-
catalysed oxidation of Y or YGG showed maximum absorbance at 475 nm, suggesting
that the reaction end product is a dopachrome-related product. In contrast, the reaction
product of tyrosinase-catalysed oxidation of GYG or GGY did not show a clear maximum
at 475 nm, thus suggesting that a dopachrome-related product was not formed in
significant quantities (Figure 4 in Publication I). The amino group of the Tyr residue of
GYG and GGY s fixed in the peptide chain, so it is not free to take part in internal
nucleophilic attack leading to the formation of a dopachrome-related product. However, it
should be mentioned that analysis of the reaction end products based on the UV/VIS
absorption spectra alone is not enough to elucidate the chemical structure of a reaction
end product. Since the Ky of TrT for YGG was double the Ky of TrT for GGY and GYG,
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the result suggested that the formation of a dopachrome-related product negatively
affected the catalysis of TrT.

Overall, the oxidation capacity of TrT was lower than that of AbT on the peptide-bound
tyrosine. Mattinen et al. (2008b) reported on the oxidation rates of TrT and AbT on a Tyr
containing-peptide (EGVYVHPV) and GYG. The oxidation rate with TrT was faster on
EGVYVHPV than on GYG, whereas with AbT it was the opposite. These results
suggested that TrT can oxidise better Tyr residues in long peptides or proteins rather than
short peptides, as also observed in the unique cross-linking ability of TrT (Selinheimo et
al. 2007h).

Table 11. Kinetic parameters of the tyrosinases from Trichoderma reesei (TrT) and
Agaricus bisporus (AbT) for L-tyrosine (Y) and the tripeptides GGY, GYG, and YGG,
determined by oxygen consumption measurement. (Publication I).

Enzyme Substrate Vmax Kwm Keat  Keat / Km Lag(s) with [S]
(mgL'sh.102 mM) (s 'mMY) 4mMm

TrT Y nd*

TrT GGY 11.9 3.1 72 24 120

TrT GYG 6.9 3.9 42 11 120

TrT YGG 5.2 6.0 32 05 120

AbT Y 0.20

AbT GGY 2.7 0.11 30 265 600

AbT GYG 2.8 0.18 31 171 240

AbT YGG 3.6 0.21 4.0 19.0 180

# Could not be determined due to insolubility of the substrate.

The Ky and Vimax values for TrT and AbT for small mono- and diphenolic substrates with
different substitution of carboxyl and amino groups were determined by following of the
oxidation products at specific wavelengths (Table 12). TrT and AbT were found to be very
different in oxidation efficiency with small mono- and diphenolic substrates. Selinheimo et
al. (2006b) reported on the Ky values of TrT for the substrates p-tyrosol (Ku=1.3 mM), p-
coumaric acid (Ky=1.6 mM) and L-DOPA (Ky=3.0 mM), which were determined through
monitoring of the consumption of the co-substrate molecular oxygen. In this work, in
contrast, the Ky values were determined through following of the formation of the
oxidation product at predetermined wavelengths. Slightly different Ky values were
obtained. In general, the Ky values for AbT were observed to be the highest for those
substrates whose structure contained a carboxyl group. The high Ky values of AbT for the
substrates in which a carboxyl group was present in the structure suggest that these
substrates are not real substrates for AbT (e.g., p-coumaric acid) but substrates
analogues, as reported by several authors (Lim et al. 1999, Fan & Flurkey 2004, Kubo et
al. 2004). A substrate analogue might bind the active site with the carboxylic group
instead of with the hydroxyl group and thus compete with the substrate in binding of the
active site of AbT (Fan & Flurkey 2004). In contrast, substrates in which a carboxyl group
was present were real substrates for TrT. Again, unlike AbT, TrT showed low affinity for
the substrates in which an amino group was present. A similar negative effect of an
amine group on TrT was also found for the tripeptide YGG. In tyrosinases of fungi and
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plant origin, several residues are highly conserved in the sequence region containing the
His residues that co-ordinate the CuB (Marusek et al. 2006). However, these residues are
not highly conserved in TrT: for instance, a Met residue (Met280 in AbT) is a Phe residue
in TrT (Phe284) (Selinheimo et al. 2007b). Therefore, it seems possible from the results
that the binding of substrates at the active site is different in TrT as compared to AbT and
other tyrosinases. However, in the absence of a three-dimensional structure of TrT, this
remains as a hypothesis.

Table 12. Ky (mM) and Vmax (Abs/min) values of tyrosinases from Trichoderma reesei
(TrT) and Agaricus bisporus (AbT) for mono- and diphenolic compounds, determined by
spectrophotometric assay with substrate-specific wavelengths (Abs/min). TrT and AbT
enzyme dosages were 3.8 and 3.1 ug mL™ for the monophenols and 0.9 and 0.8 pug mL™
for the diphenols, respectively. (Publication I).

Substrate Detection absorbance Km (mM) Vmax (Abs/min)
(nm) TrT  AbT TrT AbT
L-Tyrosine 475 - 0.20 6° 13
L-DOPA 475 7.5 0.17 210 60
p-Coumaric acid 360 15 - 51 0
Caffeic acid 480 0.9 1.69 60 300
L-Tyramine 475 4.5 0.75 4 16
L-Dopamine 475 11 0.84 120 300
Phloretic acid 400 14 0.64 55 77
Hydrocaffeic acid 400/530° 3.0 0.91 450 840
Phenol 390 38 033 9 14
Catechol 400/540° 25 0.25 138 1500
p-Tyrosol 395 0.8 0.06 20 13

# Oxidation rate determined with L-tyrosine concentration of 2.5 mM, not the V. value.
® Product formation followed at 400 and 530 nm with AbT and TrT, respectively.
¢ Product formation followed at 400 and 540 nm with AbT and TrT, respectively.

The lag periods were detected in both the TrT- and AbT-catalysed oxidation of small
monophenols. The lag period relates to the transformation of the met-form to the oxy-form
of tyrosinase. In the AbT-catalysed oxidation the lag period increased when the substrate
concentration increased for the substrates on which AbT showed the highest affinity, but
the lag period decreased with L-tyramine and phloretic acid when substrate concentration
increased (Table 3 in Publication 1). It has been shown that when AbT has high affinity on
a monophenolic substrate, the substrate binds also to the met-form of AbT leading the
enzyme to a dead-end pathway. Thus the transition of the met-form into the oxy-form,
which is the only active form on monophenols, is retarded (Espin et al. 1999). In contrast
to AbT, TrT had generally lower affinity than AbT on the monophenolic substrates tested
and the lag periods measured generally decreased when the substrate concentrations
were increased with all of the monophenolic substrates. Therefore, the results are logical;
with low affinity on substrates, an increased lag period related to the dead-end pathway
was not observed with TrT. Correspondingly AbT showed the lowest affinity for L-
tyramine and phloretic acid, and thus the binding of these substrates to the met-form of
AbT was less favourable and, in consequence, no prolonged lag period was measured
with the increased substrate concentration. The duration of the lag period of a specific
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substrate was not directly related to the Ky, suggesting that there are also other reasons
for the differences in the lag periods other than the affinity of the enzyme on the
substrate.

The UV/VIS absorption spectra of the products formed by TrT- and AbT-catalysed
oxidation of monophenolic and diphenolic substrates indicated that the primary product
from most of the substrates was similar with both enzymes. Unexpectedly, different end
products accumulated in TrT- and AbT-catalysed oxidation when catechol or hydrocaffeic
acid was used as the substrate (Figure 13). When L-DOPA was the substrate, the
spectrum revealed that the accumulation of dopachrome (i.e., the oxidation product from
L-DOPA) was different with the two enzymes. In the TrT-catalysed reaction, the intensity
of absorbance was lower than in the AbT-catalysed reaction (Figure 5 in Publication IV). It
is known that dopachrome, the end product of the proximal phase, is not a stable
compound, and it undergoes non-enzymatic reactions leading to the formation of
melanins (the distal phase of melanogenesis). The distal phase starts immediately after
the proximal phase and a mixture of products is formed (Cooksey et al. 1997). The linear
formation of dopachrome, i.e., the proximal phase of melanogenesis lasted only five
minutes in the TrT-catalysed oxidation, whereas it was 15 minutes with AbT, a result
similar to that reported by Cooksey et al. (1997). However, the UV/VIS absorption spectra
of the products formed in the distal phase were similar between TrT and AbT, suggesting
that both TrT and AbT generate similar melanins.
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Figure 13. UV/VIS absorption product spectra of the oxidation of caffeic acid (A), L-
DOPA (B), catechol (C) and hydrocaffeic acid (D) by tyrosinases from Trichoderma reesei
(TrT) and Agaricus bisporus (AbT). Absorption spectra shown as a function of time.
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4.2.2 Trichoderma reesei tyrosinase end product inhibition by dopachrome

The UV/VIS absorption spectra of products formed by TrT- and AbT-catalysed oxidation
of L-DOPA suggested that TrT suffer from end product inhibition. It was detected that TrT
produced dopachrome only in the first five minutes, despite the co-substrate molecular
oxygen was still available in the reaction mixture. To confirm that dopachrome was the
only product formed both by TrT- and AbT-catalysed oxidation of L-DOPA, the reaction
end products of L-DOPA oxidation by the tyrosinases were analysed by means of ESI-
FT-ICR mass spectrometry and through fragmentation analysis of the ions with IRMPD.
Without enzyme, L-DOPA (MW 197 Da) gave an intense peak at m/z 196, corresponding
to the [M — H] ion. In the TrT- and AbT-catalysed reactions, a new peak at m/z 192 was
observed, corresponding to dopachrome (MW 193 Da) (Figure 14, and Figure 4 in
Publication 1V). Dopachrome was the only end product detected in the conditions studied.
TrT-catalysed oxidation of L-DOPA clearly plateaued after a few minutes of reaction, and
less than 0.1% of the L-DOPA was oxidised to dopachrome, whereas AbT catalysed the
complete conversion of L-DOPA to dopachrome within 20 minutes of reaction in these
reaction conditions (Figure 14A and C).
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Figure 14. Negative mode ESI FT-ICR mass spectra from the oxidation of L-DOPA (m/z
196) to dopachrome (m/z 192) by Agaricus bisporus tyrosinase (AbT) at various time
points (A). A plot of the respective ion intensities versus reaction time for Trichoderma
reesei tyrosinase (TrT) (B) and AbT (C). (Publication V).

The ESI-FT-ICR mass spectrometry result and the UV/VIS absorption spectra of products
formed by TrT-catalysed oxidation of L-DOPA both suggested that TrT suffers from end
product inhibition. With the aim of studying the TrT end product inhibition, dopachrome
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was produced by AbT-catalysed oxidation of L-DOPA in acidic conditions to ensure the
stability of dopachrome. Reaction mixtures containing 8 mM L-DOPA and dopachrome in
various concentrations (0, 0.25, 0.75, and 1.5 mM) were used for calculation of the
degree of inhibition. The oxygen consumption rate of TrT on 8 mM L-DOPA in the
presence of 1.5 mM dopachrome was reduced by 50% (Table 13), indicating that
dopachrome clearly inhibited the TrT-catalysed oxidation of L-DOPA,

Table 13. Degree of inhibition of Trichoderma reesei tyrosinase (TrT) by dopachrome on
L-DOPA (8 mM), Reaction mixture was prepared in 0.1 M sodium acetate buffer pH 5.6
and analysed by oxygen consumption measurement, determined by oxygen consumption
measurement. (Publication 1V).

Dopachrome (mM) Oxygen consumption rate (ug L min™) Inhibition (%)

0 18.2+3.5 0
0.25 179+ 2.7 2
0.75 12.0+1.0 34
1.5 8.4=+17 54

The end product inhibition of TrT elucidates why the oxidation capacity of TrT with L-
DOPA was reduced relative to AbT. Furthermore, it suggests that end product inhibition
of TrT occurs also with the structurally related substrates L-tyrosine and YGG. According
to the analysis of the end product absorption spectra, the end product of a TrT-oxidation
of L-tyrosine or YGG is a dopachrome-related product with a maximum absorbance at
475 nm. Selinheimo et al. (2007b) reported that the cross-linking ability of TrT decreased
when L-DOPA was added to the reaction mixture. The dopachrome end product inhibition
elucidated in this work is most probably the explanation of the reduced cross-linking
ability of TrT in the presence of L-DOPA as a cross-linking agent. Thus far, TrT is the first
tyrosinase shown to suffer from end product inhibition. Several substrates of AbT have
been shown to act as suicide substrates leading AbT towards the suicide inactivation
pathway (Mufioz-Mufioz et al. 2010b), accordingly, the possibility of L-DOPA to act as a
suicide substrate for TrT was evaluated. A suicide diphenolic substrate cannot bind the
oxy-form of tyrosinase in a coplanar binding geometry, and it leads the enzyme toward
the suicide inactivation pathway, with the consequent loss of one reduced copper ion
(Cu®) and hydrogen peroxide together with the reaction product. The stronger the
withdrawing effect of the group in the C-4 position of the diphenolic substrate is, the
greater is the likehood of leading to enzyme toward the suicide inactivation pathway
(Mufioz-Mufioz et al. 2008). The ability of AoCO4 to recover its activity when dopachrome
was removed from the reaction mixture was analysed by removing dopachrome by gel
filtration. Interestingly, TrT retained its activity on L-DOPA (data not shown). The result
indicated that dopachrome was not a suicide substrate of TrT.
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4.2.3 Effect of inhibitors on the monophenolase and diphenolase activities of
Trichoderma reesei tyrosinase

Since tyrosinases-catalysed browning reactions cause negative changes in organoleptic
properties and in the appearance of fruits and vegetables, with subsequent shortening of
product shelf life, research into inhibition of tyrosinases is of great interest. Among the
large number of inhibitors of tyrosinases reported in the literature, kojic acid, arbutin,
benzaldehyde, benzoic acid, potassium cyanide and sodium azide, were analysed as
inhibitors of TrT with p-coumaric acid and caffeic acid used as monophenolic and
diphenolic substrates (Table 2 in Publication 1V). The inhibitory effect of the tested
inhibitors on the monophenolase activity of TrT followed the order potassium cyanide >
sodium azide > benzaldehyde > arbutin. No inhibitory effect was found for kojic acid or
benzoic acid. However, kojic acid prolonged the lag period of TrT-catalysed oxidation of
p-coumaric acid. The inhibitory effect of the tested inhibitors on the diphenolase activity of
TrT followed the order kojic acid > potassium cyanide > sodium azide > arbutin.
Benzaldehyde and benzoic acid did not have an effect on TrT-catalysed oxidation of
caffeic acid, whereas they are known inhibitors for AbT (Wilcox et al. 1985, Chen et al.
1991, Cabanes et al. 1994, Conrad et al. 1994, Funayama et al. 1995, Espin & Wichers
1999). These results lend further support to the findings from the substrate-specificity
determination that the amino acid residues close to the active sites of TrT and AbT are
different.

The difference in the effect of kojic acid on mono- and diphenolase activity of TrT and
AbT suggested that monophenols and diphenols bind differently to the active site of the
tyrosinases. The three-dimensional structure of BmT in complex with kojic acid has
recently shown that kojic acid is oriented with the hydroxymethyl group towards the CuB
at the active site of met-tyrosinase and given rise to the hypothesis that monophenols
bind to CuA whereas diphenols bind to CuB at the active site (Sendovski et al. 2011).
Caffeic acid and kojic acid both bind to CuB, and indeed a clear competitive inhibition was
observed for TrT. Differently, in the monophenolase cycle, p-coumaric acid binds to the
CuA of TrT while kojic acid binds to the CuB, and no clear inhibition was observed.
Furthermore, the lag time of TrT was greatly prolonged by kojic acid, suggesting that
binding with the substrate is more difficult when the tyrosinase-kojic acid complex is
present.

Interestingly, sodium azide was found to be a strong inhibitor of TrT, but it also had an
effect on the reaction end products as analysed by UV/VIS absorption (Figure 6 in
Publication IV). When catechol was used as a substrate, an absorption maximum at 400
nm was observed with AbT. In the presence of sodium azide the absorption maximum of
products formed by AbT-catalysed oxidation of catechol was detected at 325 nm.
Sugumaran (1995) reported on the formation of an azido-benzoquinone adduct at 325 nm
after ten minutes of AbT-catalysed oxidation of catechol in the presence of sodium azide.
The observed absorbance maximum at 325 nm indicated a formation of an azido-
benzoquinone adduct with AbT. In contrast, the azido-benzoquinone adduct was not
observed in product absorption spectra of TrT-catalysed oxidation of catechol in the
presence of sodium azide. However, because the end-products formed by TrT- and AbT-
catalysed oxidation of catechol were found to be different it is likely that the same adduct
is not formed with TrT. A clear maximum at 375 nm was also observed in the product
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absorption spectra of TrT- and AbT-catalysed oxidation of L-DOPA in the presence of
sodium azide, suggesting that a dopachrome-adduct was formed with both the
tyrosinases (Figure 5 in Publication 1V).

4.3 Three-dimensional structure of a laccase from Thielavia
arenaria and elucidation of the oxidation capacity of fungal laccases
with different redox potential (Publication IlI)

4.3.1 Purification and three-dimensional structure of Thielavia arenaria laccase

The laccase 1 from the ascomycete fungus Thielavia arenaria (TaLccl) has been shown
to be an efficient enzyme in bleaching of denim at high temperatures, up to 80 °C and at
neutral pH (Paloheimo et al. 2006). TaLccl was produced with T. reesei as a host at Roal
Oy (Rajaméki, Finland). TaLccl was purified within a three-step purification procedure.
First a culture supernatant was desalted and buffer-exchanged with gel filtration
chromatography. Weak-affinity anion-exchange and subsequently high-affinity anion-
exchange chromatography were used to purify TaLccl (Table 14).

Table 14. Purification of laccase 1 from Thielavia arenaria. Enzymatic activity was measured
using 2,2"-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) as a substrate.

Purification step Total Total Specific Activity Purification
activity protein  activity yield factor
(nkat)  (mg) (nkatmg™?) (%)

Culture filtrate 382690 700 547 1.0

Desalting 366910 585 627 96 11

W eak-affinity anion 163660 174 940 43 17

exchange chromatography

High-affinity anion 22120 27 813 6 15

exchange chromatography

Talccl was crystallised with the hanging drop diffusion method at room temperature. The
three-dimensional structure of TalLccl was solved by X-ray crystallography at 2.5 A
resolution at University of Eastern Finland (PDB ID 3PPS). The overall structure of
Talccl was rather similar to the structures of the known laccases and in particular to the
structure of the ascomycete laccase from Melanocarpus albomyces (MaL, PDB ID 1GWO0
and rMaL, PDB ID 2Q90), which was the first published three-dimensional structure of an
ascomycete laccase (Hakulinen et al. 2002, Hakulinen et al. 2008). However, also clear
differences between the three-dimensional structures of TaLccl and rMaL were found,
including the loops near the T1 copper site and the amino acid thought to be responsible
for catalytic proton transfer.

Talccl was found to be a monomer composed of three cupredoxin-like domains,
called domain A (1-160), domain B (161-340) and domain C (340-564) (Figure 15). The
mononuclear T1 copper was located in domain C and it was co-ordinated by His432,
Cys504, His509, and two non-bonding residues (lle506 and Leu214). The trinuclear

78



4, Results and discussion

T2/T3 copper cluster was located at the interface between domains A and C. The three
copper ions of the T2/T3 copper cluster were co-ordinated in total by eight His residues
and one molecule of solvent. The T2 copper ion was coordinated by His94, His437, and
one molecule of solvent. The T3 copper ion by His141, His437, and His503, and the T3’
copper ion by His96, His139, and His505. Differently from TalLccl, in the nearly atomic
resolution structure of rMaL the T2 copper ion is co-ordinated by two His residue and one
chloride ion (Hakulinen et al. 2008).

In three-dimensional structures of ascorbate oxidase two solvent channels leading to
the T2/T3 copper centre have been described. The broad solvent channel, leading to the
T3 copper ions is called the T3 solvent channel. The narrower solvent channel leads to
the T2 copper site, and it is called the T2 channel (Messerschmidt et al. 1992). The T3
and the T2 channels have been reported also in basidiomycete laccases, e.g., in the
laccase from Trametes versicolor (Piontek et al. 2002). On the contrary, in the
ascomycete laccase rMaL the T3 channel is blocked by the last four C-terminal amino
acids (i.e., Asp-Ser-Gly-Leu, known as the C-terminal plug) and the T2 channel is very
tight, with the residues His98, GIn131, and Asp439 limiting the access of the solvent
molecules. Furthermore, in rMaL a triangle of amino acids (Ser, Ser and Asp), called the
SDS-gate is found, but it is absent in the laccases from basidiomycete fungi (Hakulinen et
al. 2002, Hakulinen et al. 2002, Hakulinen et al. 2008). Differently from rMaLl, the T2
channel was found also in TaLccl (Figure 3 in Publication Ill). The residue corresponding
to His98 in rMaL is Arg99 in TalLccl, which is oriented such that it forms the surface of
the solvent channel. In TalLccl, as in rMaL, the T3 solvent channel was blocked by a C-
terminal plug. The C-terminal plug is highly conserved in the sequences of ascomycete
laccases. Divergently, basidiomycete laccases generally do not have this type of C-
terminus. In another similarity to rMaL, the SDS-gate was found in Talccl (Serl43,
Ser511, Asp561).
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Figure 15. (A) The crystal structure of Thielavia arenaria laccase 1 (TaLccl) as a surface
model. Domain A is presented in blue, domain B in green, and domain C in yellow. The
N-glycans are shown as red sticks. Glycans are named as G1 on Asn89, G2 on Asn202,
G3 on Asn217, G4 on Asn247 (on the other side of the molecule), G5 on Asn290, and G6
on Asn376. (B) Cartoon representation of TalLccl. The catalytic coppers are shown in
orange, and the C-terminal plug in purple. (Publication IlI).

The substrate-binding site of TalLccl was found to be in a pocket between domains B and
C, in a similarity to rMaL. The pocket was formed by ten hydrophobic residues (Alal93,
Leu297, Leu363, Phe371, Trp373, lle427, Val428, Leu430, Trp508, and His509) and one
hydrophilic residue (Asp236). In general, the substrate-binding pocket of TaLccl was
found to be similar to that one of rMaL. However, there are differences between the two
enzymes, both in the shape and in the residues of the pocket. The pocket of TaLccl was
found to be narrower than the pocket of rMaL in one direction, owing to the Leu297 in
Talccl (Ala297 in rMaL), and wider than the pocket of rMaL in the other direction,
because of the Prol95 and Val428 in Talccl (Phel94 and Phe427 in rMal,
respectively). The main difference between the substrate-binding pockets of TaLccl and
rMaL was found to be in the residue Asp236 in TalLccl, corresponding to Glu235 in rMaL
(Figure 16).
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1le365

Gly299

Figure 16. The substrate binding pockets of Thielavia arenaria laccase 1 (TalLccl) (A)
and the recombinant Melanocarpus albomyces laccase (rMalL) (B). (C) Superimposed
amino acids forming the substrate-binding pockets. Talccl is shown in blue, rMaL in
green, and 2,6-dimethoxy phenol (2,6-DMP) from the complex structure (PDB ID 3FU8) in
yellow. The amino acids of TaLccl are labelled. (Publication Il1).

The implications of the differences between the three-dimensional structures of Talccl,
rMaL, and the basidiomycete laccase from Trametes hirsuta (ThL) for the capacity of
these laccases to oxidise phenolic substrates is presented and discussed in the
Subsection 4.3.2.
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4.3.2 Elucidation of the oxidation capacity of fungal laccases with different redox
potential as related to their available crystal structures

Both the affinity of the substrate to the enzyme and the difference in redox potential (AE®)
between the T1 copper site of the laccase and the substrate affect the oxidation rate of
the substrate in laccase-catalysed reactions (Xu 1996a, Xu 1997). The rate of laccase-
catalysed reactions is assumed to increase as the AE° between the T1 copper site of the
laccase and the substrate increases. In turn, the pH affects the laccase-catalysed
oxidation of a phenolic substrate, either positively or negatively. At higher pH values, the
hydroxyl group of the phenolic substrate dissociates and inhibits the laccase, thus the
rate of laccase-catalysed reactions decreases. At higher pH values, the E° of the phenolic
substrate is lower, whereas E° for the T1 copper site is not pH-dependent, thus AE°
increases and the rate of laccase-catalysed reaction is also expected to increase (Xu
1996a, Xu et al. 1996).

The enzyme kinetics with different p-substituted dimethoxy phenolic substrates of
different E° were analysed with three fungal laccases with different redox potential and
examined in relation to their available three-dimensional structures. The novel laccase 1
from the ascomycete fungus T. arenaria (TaLccl; E° = 0.51 V) was compared to the other
known laccase from ascomycete fungus M. albomyces (rMaL; E° = 0.48 V) and to the
high redox potential laccase from basidiomycete fungus T. hirsuta (ThL; E° = 0.78 V).
Three different p-substituted dimethoxy phenolic substrates, of different redox potential,
were selected as substrates: 2,6-dimethoxy phenol (2,6-DMP), syringic acid and methyl
syringate (Table 15). The kinetic of substrate oxidation by laccases was studied at two
pHs, i.e., pH 4.5 and pH 6.0, where pH 4.5 is more optimal for ThL and pH 6.0 for TaLccl
and rMaL (Figure 17).

Relative activity (%)

Figure 17. pH activity profiles of laccases from Melanocarpus albomyces (©), Thielavia
arenaria (®), and Trametes hirsuta (A), on 2,6-dimethoxy phenol (2,6-DMP) (A), syringic
acid (B) and methyl syringate (C). (Publication Ill, supplementary data.)
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2,6-DMP and syringic acid were oxidised by all the three laccases in both of the
pH conditions tested, while methyl syringate, the substrate of those tested that has
the highest redox potential, was oxidised only by ThL. All three laccases were
found to oxidise syringic acid at pH 6.0, despite the reaction not being facilitated
by the AE®° for TaLccl (AE°=-0.03) and rMaL (AE°=0). However, in these reaction
conditions (pH=6.0) TaLccl and rMaL were able to oxidise syringic acid at pH 6.0
mainly on account of the favourable pH. Differently, a pH of 6.0 was not the
optimal pH for ThL (about 30% of residual activity on syringic acid) and thus the
ThL-catalysed oxidation of syringic acid was favourite largely through a high AE®°
(AE°=-0.27). Nevertheless, the effect of AE° was found to prevail over the effect
of pH for the substrates with high E®, i.e., in both pH conditions, methyl syringate
was oxidised only by ThL, which is the laccase with the highest E° among the
three laccases.

Despite TaLccl and rMaL having shown similar pH profiles and AE®° values, the
affinity of TalLccl to 2,6-DMP was lower than the affinity of rMaL for the same
substrate at pH 4.5. Furthermore, a three-fold increase in the reaction rate with
syringic acid at pH 6 as compared with pH 4.5 was observed for rMaL only, not for
Talccl. These differences in the TalLccl and rMalL-catalysed oxidation of phenolic
substrates must be attributable to the differences in the residues forming the
binding pockets of the two laccases. The most evident difference between the
substrate-binding pockets of TalLccl and rMaL was found to be in the hydrophilic
residue, which is also the putative catalytic amino acid. In TaLccl, an Asp236 is
found, whereas rMaL has a Glu235 in the correspondent position (Figure 16,
Figure 18). Kallio et al. (2009) reported that a single mutation in the Glu catalytic
residue (Glu235->Asp) of rMaL increases the Ky value for phenolic substrates,
suggesting that a carboxylic group is important for the catalytic activity. Bento et
al. (2010) have shown that in the bacterial laccase from Bacillus subtilis a Glu
residue (Glu498) near the dinuclear T3 copper centre participates in the proton
transfer at the trinuclear T2/T3 copper cluster. Basidiomycete laccases have a
conserved Asp residue close to the dinuclear T3 copper centre, and this residue
might function similarly to the Glu residue. Differently in the ascomycete laccases,
the only acidic residue that might assist in the proton transfer is the carboxylate
group from the C-terminus (Leu459 in TaLccl and Leu559 in rMaL). Therefore, it
is likely that the proton transfer is assisted by different residues in the
basidiomycete laccases (the Glu residue) and the ascomycete laccases (the
carboxylate group in the C-terminus). Still, it is also possible that in the
ascomycete laccases only the proton transfer from the T1 copper site to the
trinuclear copper centre is assisted by the residues in the SDS-gate. The kinetics
of ThL showed clearly differences from those of TaLccl and rMaL. As related to
their three-dimensional structures, the loops forming the substrate-binding pocket
of ThL are completely different from those in TaLccl and rMalL, most likely
accounting for the strong differences in the oxidation capacity of laccases from
basidiomycete and ascomycete fungi, in addition to the different E°.
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Figure 18. Amino acid sequence alignment of fungal laccases from Thielavia
arenaria (TaLccl, UniProtKB FEN9E7, PDB ID: 3PPS), Melanocarpus albomyces
(rMaL, UniProtKB Q70KY3, PDB ID: 2Q90), and Trametes hirsuta (ThL,
UniProtKB Q02497). The N-terminally and C-terminally processed amino acid
residues are indicated in italics. The secondary structure elements of Talccl are
also reported (a-helix as black helix, and strand as black strand). The hallow stars
indicate the residues in the substrate binding pocket; the filled stars indicate the
residues in the SDS-gate; the empty squares indicate the residues of the C-
terminal tail. The figure was produced by means of ALINE (Bond & Schuttelkopf
2009). (Unpublished results)
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4, Results and discussion

4.4 Enzymatic cross-linking of a-casein proteins by means of
catechol oxidase, tyrosinases, and laccases (Unpublished
results)

All enzymes dealt with in this work were tested for their protein cross-linking ability
with a-casein used as a model substrate with and without a cross-linking agent.
Catechol was used as a cross-linking agent in the tyrosinases- and catechol
oxidases-catalysed reactions, and p-coumaric acid in the laccases-catalysed
reactions (Figure 19, Figure 20). Trichoderma reesei tyrosinase (TrT) efficiently
cross-linked a-caseins without a cross-linking agent, whereas Agaricus bisporus
tyrosinase (AbT) did not directly cross-link o-caseins, as also reported by
Selinheimo et al. (2007b), nor was the newly discovered Aspergillus oryzae
catechol oxidase (AoCO4) capable to cross-link o-caseins. AbT and AoCO4
clearly cross-linked a-caseins in the presence of the cross-linking agent; on the
contrary, in the presence of catechol, the cross-linking ability of TrT was strongly
reduced. Furthermore, AoCO4-catalysed (100 nkat g™ caseins) cross-linking of
caseins in the presence of catechol was more efficient than was AbT-catalysed
(100 nkat g caseins) cross-linking, as analysed by SDS-page. Selinheimo et al.
(2007b) showed that tyrosinases from apple and potato have particularly low
activity on L-tyrosine and are able to cross-link caseins in the presence of L-DOPA
as a cross-linking agent. AoCO4 performed similarly to the tyrosinases from apple
and potato in cross-linking of a-caseins. It is worthy of mention that, despite these
enzymes from apple and potato being classified as tyrosinases, they have low
activity on L-tyrosine and thereby resemble catechol oxidases more closely. In
order to get a better understanding of the cross-linking abilities of catechol
oxidases, more catechol oxidases should be discovered and characterised.

None of the three fungal laccases tested, i.e., those from Thielavia arenaria
(TaLccl), Melanocarpus albomyces (rMaL) and Trametes hirsuta (ThL), showed
cross-linking ability of a-caseins without a cross-linking agent, in the reaction
conditions studied. In the presence of p-coumaric acid (the cross-linking agent),
the cross-linking efficiency of the three laccases tested followed the order
Talccl > rMaL > ThL. However, in contrast to the tyrosinases, none of the
laccases were capable of fully cross-linking all of the a-caseins in the reaction
conditions. The cross-linking abilities of rMaL and Talccl had not been tested
before. Previously, Selinheimo et al. (2008) reported on the cross-linking ability of
ThL, showing that efficient cross-linking of a-caseins without any cross-linking
agent was obtained with ThL (15000 nkat g™ caseins). However, this was a higher
dosage than the one used in the present experiment conditions (i.e., 1000 nkat g™
caseins was the highest dosage tested). ThL was also found to cross-link a-
caseins in the presence of p-coumaric acid, as already reported by Selinheimo et
al. (2008).

Of the enzymes tested, TrT showed unique characteristics in protein cross-
linking. The presence of a small diphenolic cross-linking agent (i.e., catechol)
noticeably inhibited TrT-catalysed protein cross-linking. Similarly, TrT cross-linking
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ability was greatly reduced when L-DOPA was used as a cross-linking agent, as
reported by Selinheimo et al. (Selinheimo et al. 2007a, Selinheimo et al. 2007b,
Mattinen et al. 2008a, Mattinen et al. 2008b, Selinheimo et al. 2008). The lower
cross-linking efficiency of TrT in the presence of a cross-linking agent could be
explained by the end product inhibition seen from the oxidation products of
catechol and L-DOPA (Publication V). Furthermore, it might be that the
dopachrome formed by TrT-catalysed oxidation of L-DOPA could have reacted
non-enzymatically with the protein-bound Tyr residues thus blocking these sites to
further cross-linking of a-casein subunits.
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Figure 19. Cross-linking of a-casein proteins (3 g L™) by catechol oxidase from
Aspergillus oryzae (AoCO4) and tyrosinases from Trichoderma reesei (TrT) and
Agaricus bisporus (AbT) after 24 hours of incubation without a cross-linking agent
(A) and with catechol (2 mM) as a cross-linking agent (B). The enzyme dosage
were 1000, 100, and 10 nkat g'l of a-caseins. Lanes for gel A: 1, a-caseins; 2, a-
caseins + AoCO4 (1000 nkat); 3, a-caseins + AoCO4 (100 nkat); 4, a-caseins +
AoCO4 (10 nkat); 5, a-caseins + TrT (1000 nkat); 6, a-caseins + TrT (100 nkat); 7,
a-caseins + TrT (10 nkat); 8, a-caseins + AbT (1000 nkat); 9, a-caseins + AbT
(100 nkat); 10, a-caseins + AbT (10 nkat). Lanes for gel B: the same as with gel A,
except that catechol (2 mM) as a cross-linking agent was present in all of the
experiments. (Unpublished results.)

A B
Talcc1 MaL ThL Talcec1 rMaL ThL
kDa i_‘ﬁ l_‘_\ r—‘—\ —t r_l_\ f_kﬁ KDa
1 2 3 4 5 6 7 8 8 10 1 2 3 4 5 6 7 8 8 10

250

180 250
100 ™
T - 100
1 > b
37 50
- -1 TR - v

—— e ———
e — - — e - 25
20
1
10

Figure 20. Cross-linking of a-casein proteins (3 g L™) by laccases from Thielavia
arenaria (TalLccl), Melanocarpus albomyces (rMalL) and Trametes hirsuta (ThL)
after 24 hours of incubation without a cross-linking agent (A) and with p-coumaric
acid (2 mM) as cross-linking agent (B). The enzyme dosage were 1000, 100 and
10 nkat g'1 of a-caseins. Lanes for gel A: 1, a-caseins; 2, a-caseins + Talccl
(1000 nkat); 3, a-caseins + TaLccl (100 nkat); 4, a-caseins + TalLccl (10 nkat); 5,
a-caseins + rMaL (1000 nkat); 6, a-caseins + rMaL (100 nkat); 7, a-caseins +
rMaL (10 nkat); 8, a-caseins + ThL (1000 nkat); 9, a-caseins + ThL (100 nkat); 10,
a-caseins + ThL (10 nkat). Lanes for gel B: the same as with gel A, except that p-
coumaric acid (2 mM) as a cross-linking agent was present in all of the
experiments. (Unpublished results.)

88



5. Conclusions and future prospects

Food microstructure has an important role in the sensory perception of texture,
water-binding, and rheological properties as well as in the digestibility and
absorption of food components. Cross-linking enzymes may be used in food
technology as specific tools for designed food properties and new products. This
work was aimed at characterising copper-containing oxidative enzymes that can
be utilised for cross-linking of proteins in food technology.

A novel family of short-tyrosinase sequences was identified in the available
fungal genomes. Sequences belonging to this family are shorter in length and lack
the C-terminal domain typical of long tyrosinase sequences. An extracellular
catechol oxidase from Aspergillus oryzae (AoCO4) belonging to the newly
discovered short-tyrosinase sequences was produced in Trichoderma reesei in
high titre. AoCO4 was purified, and biochemically and structurally characterised.
AoCO4 was observed to be a relatively thermostable enzyme, which is not typical
for catechol oxidases and tyrosinases. AoCO4 was able to oxidise a limited range
of diphenolic compounds, such as catechol, caffeic acid, hydrocaffeic acid, and 4-
tert-buthylcatechol. AoCO4 oxidised also the monophenolic compounds
aminophenol and guaiacol. However, AoCO4 did not oxidise L-DOPA and L-
tyrosine, which are the characteristic substrates of tyrosinase, therefore it was
classified as a catechol oxidase. Since generally catechol oxidases of fungal origin
are not well-characterised enzymes, the characterisation of AoCO4 could provide
a new contribution to the knowledge of these enzymes.

A preliminary crystal structure of AoCO4 was solved at 2.5 A resolution and it is
thus far the only three-dimensional structure of a catechol oxidase of fungal origin.
The overall structure of AoCO4 was found to be similar to the known structures of
plant catechol oxidases and fungal tyrosinases. AoCO4 was a monomer. The two
copper ions of the type-3 copper site were found in a four-helix bundle, which is
conserved in catechol oxidases and tyrosinases. The UV/VIS spectroscopic
features of the enzyme indicated that 35% of AoCO4 was in the oxy-form (i.e., the
form of tyrosinases active on monophenols). Nevertheless, AoCO4 did not show
significant activity on monophenols. From the three-dimensional structure of
AoCO4 there is no definite explanation for the lack of monophenolase activity of
this enzyme. However, it could be hypothesised that the residues involved in the
oxidation of monophenols and diphenols are different in AoCO4 in comparison to
tyrosinases and catechol oxidases. Future structural studies might elucidate the
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reaction mechanism of AoCO4 and catechol oxidases and reveal the differences
with tyrosinases.

The extracellular tyrosinase from Trichoderma reesei (TrT) has been shown to
have exclusive cross-linking ability of proteins. In this work a detailed
characterisation of TrT was performed and the well characterised commercial
tyrosinase from Agaricus bisporus (AbT) was used as a reference enzyme. The
ability of TrT and AbT to oxidise small molecular weight monophenolic and
diphenolic substrates was found to be strongly influenced by the substitution of the
substrate molecule. In general, TrT had higher affinity on the substrates in which a
carboxyl group was present in the structure, whereas AbT had higher affinity for
the substrates in which an amino group was present in the structure. Furthermore,
TrT showed lower affinity than AbT on L-tyrosine alone and for tripeptides varying
in the position of Tyr residue.

Dopachrome was found to be the only reaction end product of both tyrosinases-
catalysed oxidation of L-DOPA, which was used as representative diphenolic
substrate with an amino group in the structure. Dopachrome was found to inhibit
the TrT-catalysed oxidation of L-DOPA, but not the AbT-catalysed oxidation of L-
DOPA. Thus far, this is the first report on a tyrosinase end product inhibition.

The effect of the redox potential on the oxidation capacity of fungal laccases
was elucidated using a set of laccases and substituted phenolic substrates and
related to the available crystal structures of these enzymes. For this purpose, a
novel laccase 1 from the ascomycete fungus Thielavia arenaria (TaLccl) and the
laccases from Melanocarpus albomyces and Trametes hirsuta were used. The
laccase-catalysed oxidation of phenolic substrates was found to be dependent on
the difference in redox potential between the enzyme and the substrate (AE®) and
the pH. Indeed, the redox potential (E°) of a phenolic substrate is pH dependent
and the laccase is inhibited by hydroxide ions. In general, both the AE°® and the pH
had an effect on the kinetics. However, the effect of AE°® was found to prevail over
the effect of the pH for substrates with high E°, such as methyl syringate.

The oxidative enzymes were shown to have potential cross-linking abilities. TrT
was found to be the best enzyme for cross-linking of a-caseins, whereas AbT and
AoCO4 were found to be the best enzymes for cross-linking a-caseins in the
presence of catechol as a cross-linking agent. As a novel finding, AoCO4 was also
found to cross-link a-caseins in the presence of catechol as a cross-linking agent.
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Understanding the substrate specificity of tyrosinases (EC 1.14.18.1) as well as their capability to oxidize
peptide-bound tyrosine residues is important in a view of applicability of tyrosinases. In the present
study, two fungal tyrosinases, an extracellular enzyme from the filamentous fungus Trichoderma reesei
(TrT) and an intracellular enzyme from the edible mushroom Agaricus bisporus (AbT) were compared.
Oxidation of various mono- and diphenolic compounds and tyrosine-containing tripeptides was examined

IT(EYW?’de and kinetic constants determined using spectrophotometric and oxygen consumption measurements. TrT
Fi;‘;‘l"ase and AbT were found to show notable differences in their substrate specificity. TrT generally showed 10-

fold higher K, values than AbT. The presence of a carboxylic and amine group in the substrate influenced
the enzymes differently. While the substrates with a carboxyl group were observed not to be effectively
oxidized by AbT, the amine group seemed to hider the oxidation in the TrT-catalyzed reactions. Moreover,
the UV-visible absorption spectra on the oxidation of catechol and hydrocaffeic acid showed that the
product patterns were different between the enzymes. The result is interesting as the primary products
from tyrosinase-catalyzed reactions were assumed to be identical with both enzymes. Furthermore, a
nucleophilic 3-methyl-2-benzothiazolinone hydrazone (MBTH) affected differently on the activity of the
tyrosinases: the lag period related to the oxidation of monophenols was prolonged by MBTH with TrT,
whereas with AbT the lag was shortened.

Substrate specificity
Kinetic constants

© 2008 Elsevier Inc. All rights reserved.

1. Introduction reaction, whereas the hydroxylation reaction that is involved in
the monophenolase catalytic cycle requires the oxy-form of the

Tyrosinases (monophenol, o-diphenol:oxygen oxidoreductase, active site, in which dioxygen is bound as a peroxide [7,8]. Deoxy-

EC 1.14.18.1) are copper-containing metalloproteins and widely
found in microbes, plants and mammals. These enzymes are known
as type 3 copper proteins having a diamagnetic spin-coupled
copper pair in the active centre [1]. Tyrosinases catalyze the
o-hydroxylation of monophenols and subsequent oxidation of o-
diphenols to quinones [2,3]. Molecular oxygen is used as an electron
acceptor in the catalysis, with subsequent reduction of oxygen to
water. The binuclear active site of tyrosinases is known to exist in
three states: oxy-tyrosinase, met-tyrosinase and deoxy-tyrosinase.
Both met- and oxy-states of tyrosinases can catalyze diphenolase

Abbreviations: TrT, tyrosinase from Trichoderma reesei; AbT, tyrosinase from
Agaricus bisporus; Y, tyrosine; G, glycine; MBTH, 3-methyl-2-benzothiazolinone
hydrazone; [S], substrate concentration.
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tyrosinase is a reduced and instable form and binds oxygen to give
the oxy-form [4-6].

Even though many tyrosinase proteins and the corresponding
genes have been characterized from bacteria, fungi, plants and
mammals, the protein structures of the different tyrosinases are
still largely unrevealed. However, the crystal structure of the Strep-
tomyces castaneoglobisporus tyrosinase was recently resolved [8].
The S. castaneoglobisporus tyrosinase was shown to have similari-
ties with the crystal structures of the catechol oxidase from Ipomoea
batatas [9] and hemocyanin, an oxygen carrier protein from Octo-
pus dofleini [10]. Furthermore, the identical catalytic mechanism
between the tyrosinases of different origin has been postulated
[8,11,12].

Characteristics of various fungal tyrosinases, especially the
enzymes from Agaricus bisporus [13,14] and Neurospora crassa [2],
have been investigated comprehensively. The fungal tyrosinase
from the edible mushroom A. bisporus (AbT) [13,15,16] is reported
to be composed of two monomeric subunits [13,14]. Based on the
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cDNAs the predicted molecular weight of AbT is 64 kDa. The mature
protein, however, show a molecular mass of 43 kDa with a putative
cleavage site in the C-terminus [14]. Recently Selinheimo et al. [17]
reported the production and purification of a novel tyrosinase from
Trichoderma reesei (TrT). Similarly to AbT, the mature protein of TrT
was processed from C-terminus and TrT showed a molecular mass
of 43.2kDa [17]. Unlike the intracellular plant, fungal and animal
tyrosinases studied thus far, the gene tyr2 of T. reesei was found
to contain a signal sequence, and the gene product was verified to
be secreted. Moreover, the extracellular TrT enzyme was produced
at high amount, which is rather exceptional within this class of
enzymes. The tyrosinases from Gibberella zeae, N. crassa and Mag-
naporthe grisea also contain putative signal sequences, suggesting
extracellular enzymes [17]. However, they have not been charac-
terized at a protein level. The reported Streptomyces tyrosinases
are also secreted, but the secretion of the bacterial tyrosinases is
assisted by another protein, which has a signal sequence [18,19].

Comparison of biochemical characteristics of the intracellular
AbT and the extracellular TrT has recently been performed by Selin-
heimo et al. [20]. AbT and TrT were found to differ, especially, in
their protein crosslinking ability, and in the efficiency to oxidize
substrates substituted with amine and carboxyl acid group [20].
In the present study, the aim was to further elucidate the influ-
ence of the substitution of mono- and diphenolic compounds on
the affinity and the catalytic efficiency of AbT and TrT.

2. Materials and methods
2.1. Enzymes

TrT was produced, purified as described by Selinheimo et al. [17]. AbT was
obtained from Fluka, and it was dissolved in 0.1 M sodium phosphate buffer, pH
7.0. For some experiments, AbT was further purified as described by Duckworth and
Coleman [21].

2.2. Chemicals

L-Tyrosine, 3,4-dihydroxy-L-phenylalanine (L-dopa), L-tyramine, L-dopamine,
p-coumaric acid, were from Sigma, p-tyrosol 3-(4-hydroxyphenyl)propanoic acid
(phloretic acid) and 3-(3,4-dihydroxyphenyl)propanoic acid (hydrocaffeic acid)
were from Aldrich, caffeic acid and pyrocatechol were from Fluka, phenol
and benzoic acid were from Merck, and the peptides glycine-glycine-tyrosine
(GGY), glycine-tyrosine-glycine (GYG) and tyrosine-glycine-glycine (YGG) from
Bachem. 3-methyl-2-benzothiazolinone hydrazone (MBTH) and aniline were from
Sigma.

2.3. Enzyme activity assays

Tyrosinase activity was measured as described by Robb [3], with few modi-
fications, using 15mM L-dopa and 2 mM L-tyrosine as substrates. Activity assays
were carried out in 0.1 M sodium phosphate buffer (pH 7.0) at 25°C either by
monitoring dopachrome formation at 475 nm (&dopachrome = 3400 M-'em™') or by
monitoring the consumption of the co-substrate oxygen, with a single channel
fibre-optic oxygen meter for mini-sensors (Precision sensing GmbH, Regensburg,
Germany). The oxygen consumption assay was performed as described by Selin-
heimo et al. [17]. Furthermore, the enzymatic activities on L-dopa (15mM) and
L-tyrosine (2 mM) were detected by a spectrophotometric assay in the presence
of chromogenic nucleophile 3-methyl-2-benzothiazolinone hydrazone (MBTH). A
coupling reaction between MBTH and o-quinones that are generated during the
oxidation of monophenols and o-diphenols leads to the formation a MBTH-quinone
adduct absorbing at 510nm (£=22 300M~' cm~') [22-25]. In the activity assay
with MBTH, concentrations of 0.25-10 mM of MBTH were used, and 2% (v/v) N,N-
dimethylformamide was added to the reaction mixture to keep the MBTH-quinone
adducts in solution.

2.4. Determination of kinetic parameters Ky, and Viax

Monophenolic compounds, L-tyrosine, phenol, L-tyramine, p-coumaric acid,
phloretic acid and their corresponding diphenols L-dopa, catechol, L-dopamine, caf-
feic acid, hydrocaffeic acid, and additionally monophenolic p-tyrosol (Fig. 1), were
dissolved ata concentration of 0.1-20 mM in 0.1 M sodium phosphate buffer (pH 7.0).
TrT and AbT dosages per 1 ml of substrate were 3.8 and 3.1 g for the monophenols
and 0.9 and 0.8 p.g for the diphenols, respectively. Kinetic assays were carried out
by monitoring the enzymatic reactions by measuring the product formation at the

0. _OH
/i
2a ol
NH,
OH
0. _OH 0,_.OH
4a £OH 4b
OH OH
OH OH
5a 5b
OH
6a
OH

Fig. 1. Chemical structures of the substrates used in the study: 1a L-tyrosine, 1b
L-dopa, 2a p-coumaric acid, 2b caffeic acid, 3a L-tyramine, 3b L-dopamine, 4a 3-
(4-hydroxyphenyl) propanoic acid (phloretic acid), 4b 3,4-dyhydroxycinnamic acid
(hydrocaffeic acid), 5a phenol, 5b catechol, 6a p-tyrosol.

selected wavelengths at 25 °C. Specific wavelengths for the product formation from
substrates were determined according to the UV-visible absorption spectrum of
the oxidation products from the particular substrates by the enzymes. Formation of
the UV-visible absorption spectra were monitored as a function of enzyme reaction
time. For the tripeptides, GGY, GYG and YGG, the kinetic constants were analyzed by
the oxygen consumption assay. Peptides were dissolved in 0.1 M sodium phosphate
buffer (pH 7), reaction volume was 1.8 ml, and TrT and AbT doses were 40 and 30 g,
respectively. Kinetic constants K, Vimax and kes: were obtained with the Graph Pad
Prism 3.02 program (Graph Pad Software Inc., San Diego, CA, USA). Additionally, the
absorption spectra of the oxidation products of the tripeptides by TrT and AbT were
determined.
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Fig. 2. Absorption product spectra from the oxidation of catechol (left side) and hydrocaffeic acid (right side) by TrT (A) and AbT (B). Absorption spectra of products shown

as a function of reaction time.

2.5. ESR experiment

ESR experiment for semiquinone detection from the oxidation of the tripep-
tides, GGY, GYG and YGG, was performed on a Bruker EMX X-band ESR spectrometer
equipped with an ER4119HS cavity (Bruker Analytische Messtechnik, Rheinstetten,
Germany). The operating conditions were as follows: microwave power, 20 mW;
modulation frequency, 100 kHz; field modulation amplitude, 0.2 G; receiver gain,
2 x 103; time constant, 2.56 ms; and conversion time, 2.56 ms. After initiation of
the enzymatic reaction, reaction mixture was immediately transferred to an ESR
flat cell, mounted within the ESR cavity, after which the measurement was started
instantly. ESR signal appearance and disappearance was monitored as a function of
time: one measurement, a sum of 34 successive scans, took 3.5 min, after which the
ESR was restarted without a delay. GGY, GYG and YGG (2.5 mM) were dissolved in
0.2 M acetate buffer (pH 6.5) containing 0.05 M Zn?*, Zn?* was included in the reac-
tion mixtures to stabilize the o-semiquinones [26]. Reactions were made at ambient
temperature and in a volume of 0.5 ml. Dosing of the enzymes (0.55 nkat/mg pep-
tide) was based on the determined activity of the enzymes on L-tyrosine (2 mM). To
elucidate the effect of Zn?*on the enzymatic activity, the oxidation of the peptides
in presence of Zn?* was also monitored by oxygen consumption measurement, and
by following the UV-visible absorption spectrum formation during oxidation of the
substrates.

3. Results

3.1. Product formation by TrT and AbT by determination of the
UV-visible absorption spectrum

UV-visible absorption spectra of the oxidation products by TrT
and AbT from different mono- and diphenolic compounds were
measured. Based on the absorption spectra of product forma-
tion, specific wavelengths were established for determination of
the kinetic constants Ky, and Vmax on the substrates. When cate-
chol and hydrocaffeic acid were used as substrates, the UV-visible
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absorption spectrum obtained by TrT and AbT was completely
different. AbT-catalyzed oxidation reaction led to an absorption
maximum at 400 nm for both substrates, whereas in the TrT reac-
tions the UV-visible absorption spectrum showed two maxima:
one at 360 nm and another at 540-560 nm (Fig. 2). For the other
substrates studied, the absorption spectra of the oxidation prod-
ucts of mono- and diphenolic compounds were similar between
the enzymes. Tyrosinase-catalyzed oxidation products from phenol
and phloretic acid, i.e. the corresponding monophenols for catechol
and hydrocaffeic acid, with both enzymes resulted in absorption
spectra similar to that of catechol and hydrocaffeic acid catalyzed
by AbT, i.e. absorption maximum of product at 400 nm.

Table 1
Absorption maxima (nm) in the UV/Vis absorption spectrum of the primary product
formation by TrT and AbT from the mono- and diphenolic substrates.

Substrate Wavelength (nm)

TrT AbT
L-Tyrosine 475 475
L-Dopa 475 475
p-Coumaric acid 360 360
Caffeic acid 480 480
L-Tyramine 475 475
L-Dopamine 475 475
Phloretic acid 400 400
Hydrocaffeic acid 530 (360)? 400
Phenol 390 390
Catechol 540 (360)* 400
p-Tyrosol 395 395

2 Two products were detectable in TrT-catalyzed reactions. The absorption max-
imum of the second primary product is shown in parentheses.
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Table 2

K (mM) and Vimax (Abs/min) values of tyrosinases from TrT and AbT for mono- and diphenolic compounds, determined by spectrophotometric assay with substrate-specific

wavelengths (Abs/nm).

Substrate Detection absorbance (nm) Km (mM) Vinax (Abs/min)
TrT AbT TrT AbT

L-Tyrosine 475 - 0.20 62 13
L-Dopa 475 7.5 0.17 210 60
p-Coumaric acid 360 1.5 - 51 0
Caffeic acid 480 0.9 1.69 60 300
L-Tyramine 475 4.5 0.75 4 16
L-Dopamine 475 11 0.84 120 300
Phloretic acid 400 14 0.64 55 77
Hydrocaffeic acid 400/530° 3.0 0.91 450 840
Phenol 390 3.8 0.33 © 14
Catechol 400/540¢ 25 0.25 138 1500
p-Tyrosol 395 0.8 0.06 20 13

4 Oxidation rate determined using tyrosine concentration of 2.5 mM, not the Viax value.

b Product formation followed at 400 and 530 nm with AbT and TrT, respectively.
¢ Product formation followed at 400 and 540 nm with AbT and TrT, respectively.

The absorption maxima selected for determining kinetic con-
stants for the substrates were as follows: phenol 390 nm; catechol
400 (AbT) and 540 nm (TrT); p-coumaric acid 360 nm; caffeic acid
480 nm; L-tyramine, L-dopamine, L-tyrosine and L-dopa 475 nm;
phloretic acid 400 nm; hydrocaffeic acid 400 (AbT) and 530 nm
(TrT); and p-tyrosol 395 nm (Table 1).

3.2. Substrate specificity of TrT and AbT on mono- and diphenolic
compounds

The ability of TrT and AbT to oxidize mono and diphenolic sub-
strates with different substitution of carboxyl and amino groups
was elucidated by determining the kinetic parameters, K, and Vipax
(Table 2). The maximum reaction rate Vpax is expressed as a change
in absorbance as a function of time (Abs/min). The molar extinction
coefficients (&) for calculation of Vinax (mol/s) and kear (s=!) were
not possible to determine. It was observed that different oxidation
products were formed in the AbT and TrT catalyzed reactions. In
addition, although the primary product from many substrates was
same with both enzymes, different end products accumulated in
TrT and AbT catalyzed reactions. For instance, in the oxidation of
L-dopa, the dopachrome (Amax at 475 nm) was the primary product
with both enzymes, but with TrT the accumulation of dopachrome
stopped, and other products accumulating at 370-460 nm appeared
after initiating the reaction (data not shown).

The determined Ky, values were approximately ten times lower
for AbT than for TrT (Table 2). On the other hand, the maximum
reaction rates Vmax of corresponding mono- and diphenols var-
ied between the enzymes depending on the substrates (Table 2).
For instance, with L-dopa, Vimax was clearly higher with TrT than
AbT, whereas with caffeic acid and L-dopamine the outcome was
opposite.

Under the conditions studied, AbT showed the highest affin-
ity on monophenolic p-tyrosol (K, 0.06 mM) and L-tyrosine (Km
0.2mM), and diphenolic L-dopa (Ky 0.17 mM) and catechol (K,
0.25 mM). The highest K, values for AbT were detected for caffeic
acid, 1.61 mM and hydrocaffeic acid, 0.91 mM. Generally, AbT had
higher affinity on monophenols than on the corresponding diphe-
nols, except phenol, which showed slightly lower affinity when
compared to catechol (Table 2). p-Coumaric acid was not oxidized
by AbT. It was also seen that Vimax was reached by AbT at certain sub-
strate concentration with phenol, catechol, caffeic acid, phloretic
acid, hydrocaffeic acid and p-tyrosol, above which the Vinax began
to decrease (data not shown). The decrease in the maximum reac-
tion rate with increasing substrate concentrations is presumably
related to inhibition of AbT by an excess of substrate.

TrT showed the highest affinity on p-tyrosol (Km 0.8 mM), caf-
feic acid (Km 0.9 mM), phloretic acid (K 1.4 mM) and p-coumaric
acid (Km 1.5 mM), whereas the affinity on L.-dopamine (Ky 11 mM),
L-dopa (Km 7.5 mM) and L-tyramine (Kny, 4.5 mM) was low (Table 2).
The Km value for L-tyrosine could not be determined due to
insolubility of the substrate at concentrations above 2.5 mM. This
concentration was not high enough to reach the Vi« (Fig. 3). From
the shape of the reaction rate vs. substrate concentration plot, the
decrease in the maximum rate with increasing [S] was clearly seen
in the TrT reactions with hydrocaffeic acid and caffeic acid, and also
faintly with phloretic acid, referring to the inhibition of TrT by an
excess of the substrate. Additionally, with catechol the correspond-
ing substrate inhibition was detected for the product formation at
360 nm, but interestingly, not for the product formation at 540 nm
(data not shown).

With monophenolic substrates a lag period prior to the oxida-
tion reactions were detected by both enzymes. The lag periods for
the oxidation reactions by AbT were longest with phenol (400s),
p-tyrosol (200-300s) and L-tyrosine (200 s), with a substrate con-
centration of 15 mM (Table 3). The lag period increased as a function
of substrate concentration for phenol, p-tyrosol and L-tyrosine,
whereas for L-tyramine and phloretic acid the lag period decreased
when substrate concentration was increased. The lag periods prior

Rate (abs/s) x 10exp4

[S] /mm

Fig. 3. Reaction rate as a function of substrate concentration [S], using L-tyrosine as
substrate. Legends: AbT (O), TrT (m).
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Table 3

Duration of lag periods (s) of tyrosinases from TrT and AbT for monophenolic compounds, determined by spectrophotometric assay.

Substrate Detection absobance (nm) Lag (s) with [S] 15 mM Lag (s) with [S] 1 mM

TrT AbT TrT AbT
L-Tyrosine 475 0? 2007 0-100 50-100°
p-Coumaric acid 360 100-150 - 300 -
L-Tyramine 475 0 0 400 100-150
Phloretic acid 400 25-50 0-25 100-150 50-100
Phenol 390 200 400 500 300
p-Tyrosol 395 0 200-300 200 100-200

2 Substrate concentration 2.5 mM.
b Substrate concentration 0.25 mM.

Table 4

Kinetic parameters of tyrosinases from TrT and AbT for the peptides GGY, GYG and YGG, determined by oxygen consumption measurement.

Enzyme Substrate Vimax (mgL~1s71) x 102 Km (MM) keat (s71) Keat/Km (s7' mM~1) Lag phase (s) with [S] 4 mM
TrT Y nd?

TrT GGY 11.9 3.1 7.2 24 120

TrT GYG 6.9 3.9 4.2 1.1 120

TrT YGG 52 6.0 3.2 0.5 120

AbT Y 0.20

AbT GGY 2.7 0.11 3.0 26.5 600

AbT GYG 2.8 0.18 3.1 171 240

AbT YGG 3.6 0.21 4.0 19.0 180

2 Could not be determined due to insolubility of the substrate.

to the oxidation of monophenols by TrT were longest with phenol
(2005s), p-coumaric acid (100-1505s) and phloretic acid (25-505s)
with a substrate concentration of 15 mM (Table 3). Duration of the
lag period decreased when substrate concentration increased with
all of the tested monophenols in the TrT-catalyzed reactions.

3.3. Kinetic parameters for the tyrosine-containing tripeptides

The Ky and Viax values of AbT and TrT for the tripeptides varying
in the position of tyrosine residue, GGY, GYG and YGG, were deter-
mined by an oxygen consumption assay. Similarly to the results
obtained with mono- and diphenols, the Ky, values of AbT for the
peptides were over 10-fold lower than those of TrT (Table 4). AbT

showed the highest apparent affinity on GGY (K, 0.11 mM) and low-
est on YGG (Km 0.21 mM), whereas the highest catalytic efficiency
kcat was on YGG (4.0s~1) and lowest on GGY (3.0s~1). With YGG the
affinity for AbT was rather similar to L-tyrosine (Ky 0.20 mM). TrT
also showed the highest affinity on GGY (Ki, 3.1 mM) and lowest on
YGG (Ky 6 mM). However, contrary to AbT, the best catalytic effi-
ciency was observed on GGY (7.2s~!) and lowest on YGG (3.2s71).
Interestingly, although there was a clear difference in Ky, values, the
kcatr values were relatively similar between AbT and TrT (Table 4).
The lag periods prior to the oxidation reactions were shorter for
TrT than AbT. The duration of the lag periods between the pep-
tides was rather similar in the TrT-catalyzed reactions. However,
the closer to the C-terminus the tyrosine residue was the longer

(A) (B) (€)
1 1 1
0.9 4 0.9 1 09
0.8 4 0.8 - 081
07 07} 07 4
2 :
Q 0.6 - 06| 0.6 -
s Prolonged reaction
£ 051 0.5 1 0.5 - S
[%]
< 0.4 0.4 0.4 25 min
0.3 4 0.3 1 0.3+
0.2 4 0.2 4 02 -
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0 - . - . ‘ 0 - - - - - 0 ‘ : - - -
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Fig. 4. Product spectra from the oxidation of the tripeptides YGG (A), GYG (B) and GGY (C) by TrT and AbT. Patterns: solid line for TrT, dashed line for AbT. In C arrows show
the absorbance lines that represent prolonged reactions with TrT (at 8 min) and AbT (at 25 min), respectively.
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Fig. 6. Enzymatic activities of TrT and AbT on oxidation of L-dopa (15 mM) in presence of MBTH (0-10 mM). Formation rate for the MBTH-quinone adduct followed as an
increase in absorbance at 510 nm as a function of time. Legends: MBTH concentration of 0 mM (—), 2.0 mM (A), 3.5mM (Q), 5.0 mM (a).

the lag period was with AbT. The UV-visible absorption spectra
for the oxidation products from the peptides were similar between
the enzymes (Fig. 4). However, the product patterns differed clearly
between the peptides. Oxidation product from YGG (Fig. 4A) corre-
sponded to dopachrome-related product, showing a maximum at
475 nm, whereas with GYG (Fig. 4B) there was no clear absorption
maximum and the product pattern was broad showing absorption
maximum around 400-500 nm. Similarly with GGY the oxidation
products gave broad absorption maximum at 400-500 nm. Dur-
ing a prolonged reaction (8 min for TrT, 25 min for AbT) absorption
maximum with GGY shifted from 400-500 nm to 380 nm (Fig. 4C).

3.4. ESR measurements

Oxidation of GGY, GYG and YGG peptides by TrT and AbT was also
monitored with ESR experiment in order to measure semiquinone
radical production. The oxidation of the tripeptides GGY and GYG
resulted in ESR spectra with two overlapping low intensity mul-
tiline ESR signals (Fig. 5A) by both enzymes (data on AbT not
shown), corresponding to L-tyrosine-derived signal defined previ-
ously by Selinheimo et al. [20]. Signals were not detected by the
enzymes or the substrates alone. Maximum signal intensities from
GGY and GYG were relatively similar. When YGG was used as sub-
strate, semiquinone-derived signal could not be detected in ESR.
Oxidation of the tripeptides in the presence of Zn2*, which was
included in the reaction mixture to stabilize the semiquinones, was
also monitored by an oxygen consumption assay (Fig. 5B) and by
measuring the UV-visible absorption spectrum for the oxidation
products (data not shown) in the conditions analogous to the ESR
experiment. From the oxygen consumption measurements it was
detected that the lag periods increased in presence of Zn2* for all
peptides and with both enzymes. With an oxygen consumption
assay it was confirmed that the oxidation of YGG in presence of
Zn?* occurred by TrT and AbT (data not shown), although ESR sig-
nal was not detected from YGG. When the consumption of oxygen
as a function of reaction time, and especially, the duration of the
lag periods prior to the oxidation were compared to the appear-
ance time of the semiquinone-derived signals, the outcome was

17

unexpected. The semiquinone-derived ESR signal from GGY and
GYG was observed to be present mainly during the lag period as
detected by the oxygen consumption measurements (Fig. 5A and
B). In other words, when the oxygen consumption was initiated,
and thus, oxidation reaction accelerated, the ESR signal seemed to
disappear. The result was also supported by the UV-visible absorp-
tion spectrum scanning measurements, monitored as a function of
reaction time, in which the product formation accelerated when
the ESR signal started to vanish (data not shown). However, some
product formation was detected also during the lag period.

3.5. Effect of MBTH

Tyrosinase activity is often determined in presence of nucle-
ophile MBTH, which is an efficient quinone binder [22-25].
Activities of TrT and AbT on L-dopa (15 mM) and L-tyrosine (2 mM)
were determined in the presence of MBTH as well. Interest-
ingly, when the monophenolase activities of AbT and TrT were
determined using L-tyrosine in presence of MBTH, the lag period
increased significantly as a function of MBTH concentration in the
TrT-catalyzed reactions (Fig. 6A). On the other hand, with AbT
the lag period was constant with varying MBTH concentrations
(Fig. 6B). When the absorption spectra for the reaction products
were determined on L-dopa and L-tyrosine in the presence of MBTH,
absorbance intensity at 510 nm increased, referring to the MBTH-
quinone adduct (data not shown). However, lowering the MBTH
concentration a shift towards the dopachrome product (475 nm)
was detected. For instance, when L-tyrosine was used as sub-
strate, with MBTH concentration of <0.5 mM, a clear shift towards
dopachrome was observed during the reaction with both enzymes.
Apparently, with lower MBTH concentrations, not all of the formed
quinones could be trapped.

4. Discussion
Detailed information on the substrate specificity of tyrosinases

is essential for development of tyrosinase-based applications. The
aim in the present study was to compare the substrate specificity of
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the recently characterized tyrosinase TrT to the commercial tyrosi-
nase preparation AbT. AbT is a well characterized enzyme, and for
instance, the substrate specificity of AbT has been studied by Espin
et al. [27,28], Fenoll et al. [29], Rodriguez-Lépez et al. [30] and Xie
et al. [31]. There is variation in the results of kinetic parameters
for AbT, depending on both the level of purification of AbT and
the assay method used [21,25-27]. Espin et al. [27] determined
kinetic parameters by a spectrophotometric method using a puri-
fied AbT preparation, and reported for L-tyrosine a Ky, value of
0.2140.01 mM, and for L-dopa a K, value of 0.8 +£0.04 mM. For
the major isoform of AbT (Mw 43 kDa) Espin et al. [25] reported
for L-tyrosine a K, value of 0.021 +0.001 mM, and for L-dopa a K
value of 0.038 +0.003 mM. Regarding hydrocaffeic acid (4b), Xie
et al. [31] reported a K, value of 1.24mM for non-purified AbT,
whereas Espin et al.[27] determined a K, value of 1.89 mM for puri-
fied AbT. In the present work the experiments were made with the
commercial AbT enzyme preparation, which has been reported to
contain several isoforms of tyrosinase [13,14,31]. AbT was also fur-
ther purified according to Duckworth and Coleman [21] for some of
the experiments. For instance, the different location of tyrosine in
the tripeptide, and its subsequent influence on the catalysis was
studied with both crude and purified AbT, and the results were
analogous (data not shown).

TrT and AbT showed notable differences in the affinity of the
substrates studied. The Ky, values for AbT were observed to be the
highest for the substrates, in which an acid group was present in the
structure (i.e. caffeic (2b) and hydrocaffeic acid (4b)). Furthermore,
p-coumaric acid (2a) was not oxidized by AbT. It has been proposed
that carboxylic aromatic structures can act as substrate analogues
for tyrosinase, and they are believed to bind to both the oxy-form
and the met-form of the coupled binuclear copper site [32-34].
Specifically p-coumaric acid and benzoic acid have been hypoth-
esized to bind to the binuclear copper centre preferentially with
the more acidic carboxylic group and compete with the substrate
[32,34-37]. Rompel et al. [38] suggested that the blocking of active
site could be based on either the coordination of the carboxylic
group to the copper atoms or the binding of carboxylic acid group
at a positively charged amino acid residue near the catalytic site.
Since phloretic acid is oxidized by AbT, it has been suggested that
particularly the conjugation of carboxylic group into the aromatic
ring that is missing in phloretic acid is essential for binding of the
acid group [32]. In contrast to AbT, TrT was observed to have clearly
higher K, values for substrates with amine substitution when com-
pared to the substrates with carboxylic acid substitution. It appears
particularly interesting that while AbT was not able to oxidize p-
coumaric acid and showed the lowest affinity on caffeic acid among
the tested substrates, TrT showed high affinity on caffeic acid and
p-coumaric acid. Previously, Selinheimo et al. [17] reported for TrT
the K, values of 1.3, 1.6 and 3.0 mM for p-tyrosol, p-coumaric acid
and L-dopa, respectively, determined by monitoring consumption
of oxygen which differ to some extent from the Ky, values of the
present study, assayed by a spectrophotometric method.

The negative effect of proximity of an amine group on TrT was
also detected in the Ky, values of the tripeptides, as the highest
Km value and lowest catalytic efficacy (kcar) was on YGG, in which
tyrosine residue is in the amino-terminal end of the peptide. With
AbT the lowest Ky, value was detected, when the tyrosine residue
located in the carboxyl-terminal end, i.e. for the GGY tripeptide.
However, with GGY the kcyr was the lowest and the lag period
longest for AbT, suggesting high affinity, but poorer catalytic effi-
cacy as compared to the other peptides. Although the exact reasons
for the differences in the Ky, values between TrT and AbT remain
to be resolved, it could be that the coordinating amino acids of
enzymes, which assist substrates to the active site, differ between
the enzymes. Hence, varying polarity and acidity of the phenolic

hydroxyl group of the substrate could cause different orientation
of the substrate to the active site of AbT and TrT. Determining
the tertiary structure of AbT and TrT and the detailed construc-
tion of active site is essential to elicit the explanation for the
result.

The activity assay using a nucleophilic quinone binder MBTH
has been reported to be relatively sensitive and accurate for deter-
mining tyrosinase activity, as with this nucleophile a relatively
stable quinone adduct can be formed [22-25]. It has also been
reported that the lag period, which is typically present in the
tyrosinase-catalyzed monophenol oxidation, could be shortened
by using nucleophilic coupling reactions through quick genera-
tion of o-diphenols [23]. During the lag period, the oxy-form of
tyrosinase, which is capable for the hydroxylation of monophenols,
is generated by indirect o-diphenol formation from the met-form
of tyrosinase, which can perform only the oxidation of diphenols
[7,39]. In the TrT-catalyzed reactions with L-tyrosine and MBTH,
the duration of the lag period was unexpectedly increased as a
function of MBTH concentration, referring that MBTH retarded
the initiation of the catalytic cycle by TrT. However, the maxi-
mum reaction rate was not significantly changed by MBTH. Hence,
it seemed that MBTH retarded principally the transformation
of TrT from the met- to the oxy-form. With AbT the effect of
MBTH was as reported previously [24,25]: the lag was constant
and even decreased when compared to the reactions without
MBTH.

The lag periods for TrT and AbT were measured for all the
monophenolic substrates studied (without MBTH). It has been pro-
posed that a monophenolic substrate with high affinity saturates
the met-form of enzyme [25]. Hence, if most of the enzyme is in a
form, in which monophenols are bound to the met-tyrosinase, the
transformation from the met- to the oxy-form is delayed because
there is less free enzyme for diphenol oxidation. Espin et al.
[25] reported that lag period increased when substrate concen-
tration ([S]) was increased, suggesting that the met-form of the
enzyme was increasingly saturated with monophenol when [S]
was increased. When the lag periods were monitored in the AbT-
catalyzed reactions, the lag period increased as a function of [S] with
p-tyrosol, L-tyrosine and phenol, but with L-tyramine and phloretic
acid the situation was opposite. On the other hand, with TrT, the lag
period was invariably shortened with increasing [S]. However, the
Km values for TrT were relatively high which might partly explain
the lag durations. If the reactions with lower [S] were still clearly
beyond Vimax, the lag could be expected to increase by increasing [S],
as with lower [S] there is not enough substrate to occupy the active
site. This might also partly explain the incoherence in the duration
of the lag periods with AbT, as L-tyramine and phloretic acid, which
showed decreasing lag with increasing [S], were also the substrates
with highest Ky, values. However, the difference between the K
values was not very significant between the substrates with dif-
ferent changes in lag duration, suggesting that there are also other
factors behind.

The product formation in the tyrosinase catalysis was deter-
mined by monitoring the changes in UV-visible absorption
spectrum as a function of reaction time. Unpredictably, diphenols
catechol (5b) and hydrocaffeic acid (4b) gave different product pat-
tern by AbT and TrT, whereas the products from the corresponding
monophenols (phenol (5a) and phloretic acid (4a)) did not differ
between the enzymes. The dissimilarity in the diphenol catalysis
between the enzymes seemed to be specific only for these sub-
strates, as for the other diphenols studied, i.e. L-dopa, L-dopamine
and caffeic acid, the product spectrum was similar between the
enzymes. Although there is not clear explanation for the found
differences in the oxidation products from catechol and hydro-
caffeic acid, it could be hypothesized that the observations could
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relate to the differences of the enzymes in their affinity to the non-
enzymatic quinone-derived products. It is known that the quinones
formed in the catalysis will quickly react further and also act as
substrates for tyrosinase. Typically oxidation of catechol by tyrosi-
nases is known to generate products absorbing at 390-400 nm
[40], which was also detected with AbT. Interestingly these prod-
ucts were not detected with TrT. It could be anticipated that TrT
immediately further oxidized the product resulting from the non-
enzymatic reactions of o-quinone. Hence, the primary product at
390-400 nm could not have accumulated in the TrT-catalyzed reac-
tions.

When enzymatic oxidation of tripeptides was examined, the
position of tyrosine residue in the tripeptide was observed to
influence differently on the TrT- and AbT-catalyzed reactions. The
reaction products were different depending on whether the tyro-
sine was located in the carboxyl- or amino-terminus or in the
middle of the peptide; however, differences in the reaction prod-
ucts between AbT and TrT were not detected. Land et al. [41,42]
have shown that increasing the chain length of catecholamines
leads to unachievable cyclization of these amines due to a steric
hindrance. Based on the product accumulation from the tripep-
tides GGY, GYG and YGG by the tyrosinases, only oxidation of YGG
was observed to lead to the formation of dopachrome-type cycliza-
tion product. Probably in the case of GGY and GYG, cyclization
of peptide via reaction of quinone with nucleophilic amine was
unfavourable due to the steric hindrance. When the semiquinone
radical formation during the oxidation of the peptides was studied
by ESR, Zn?* was included in the reaction solution to stabilize the
semiquinones [26]. Zn?* was observed to influence on the oxida-
tion readiness of the peptides by lengthening the lag phase prior to
the oxidation. The presence of transition metal ions, such as Zn%*,
has been reported to affect the lag period related to oxidation of
monophenols either by prolonging or by diminishing the lag phase
[43-45]. The transition metal ions can also affect the chemical
properties of melanins formed by the tyrosinase-catalyzed oxida-
tion of L-dopa. Particularly, the non-carboxylative rearrangement of
dopachrome to 5,6-dihydroxyindole-2-carboxylic acid may occur
in the presence of metal ions [46-48]. In actual fact, the UV-visible
absorption spectra on the oxidation products of the tripeptides
clearly changed in presence of Zn%*. With YGG an absorption max-
imum was at 430 nm instead of 475 nm, and with GYG and GGY
the maximum was around 300-450 nm (data not shown). Unex-
pectedly, semiquinone-derived ESR signal was not detected for YGG
oxidation by the tyrosinases. This could be due to the inability of
Zn2* to stabilize the YGG-derived oxidation product, which differed
from that of GGY and GYG.

Based on the results of the oxygen consumption of the tripep-
tides by AbT and TrT in presence of the Zn%*, the ESR signal was
noted to appear during the lag period, and disappear when the oxi-
dation reaction accelerated. The results clearly indicate that the
semiquinone-derived ESR signal was present in the very beginning
of the catalysis. However, after indirect generation of diphenols dur-
ing enzymatic catalysis, semiquinones should be detectable due
to auto-oxidation. After formation of quinines, semiquinones are
generated by inverse disproportionation between diphenol and
quinone [49]. Because in this study the semiquinone-derived ESR
signals were mostly detected during the lag period, it is intriguing
to suggest that the semiquinone formation relates specifically to
the reaction catalyzed by the met-form of tyrosinase.

5. Conclusions
The extracellular fungal tyrosinase TrT and the intracellular

tyrosinase AbT were found to clearly differ in their substrate speci-
ficity. The product pattern from catechol and hydrocaffeic acid was
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also observed to be different between these enzymes. Although
the detailed catalytic mechanisms of the enzymes are still to be
explicated, the noted contrasts in the determined K, values for the
substrates could suggest differences in the distribution of acid/base
residues and orientation of the substrates in the active site of TrT
and AbT.
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Laccases are copper-containing enzymes used in various applications, such
as textile bleaching. Several crystal structures of laccases from fungi and
bacteria are available, but ascomycete types of fungal laccases (asco-lac-
cases) have been rather unexplored, and to date only the crystal structure
of Melanocarpus albomyces laccase (MaL) has been published. We have
now solved the crystal structure of another asco-laccase, from Thielavi-
a arenaria (TaLccl), at 2.5 A resolution. The loops near the T1 copper,
forming the substrate-binding pockets of the two asco-laccases, differ to
some extent, and include the amino acid thought to be responsible for cata-
lytic proton transfer, which is Asp in TaLccl, and Glu in MaL. In addi-
tion, the crystal structure of TaLccl does not have a chloride attached to
the T2 copper, as observed in the crystal structure of MaL. The unique fea-
ture of TaLccl and MaL as compared with other laccases structures is
that, in both structures, the processed C-terminus blocks the T3 solvent
channel leading towards the trinuclear centre, suggesting a common
functional role for this conserved ‘C-terminal plug’. We propose that the
asco-laccases utilize the C-terminal carboxylic group in proton transfer
processes, as has been suggested for Glu498 in the CotA laccase from
Bacillus subtilis. The crystal structure of TalLccl also shows the formation
of a similar weak homodimer, as observed for MaL, that may determine
the properties of these asco-laccases at high protein concentrations.

Database
Structural data are available in the Protein Data Bank database under the accession numbers
3PPS and 2VDZ

Structured digital abstract
* laccase binds to laccase by x-ray crystallography (View interaction)

Introduction

Laccases (benzenediol oxygen oxidoreductases) are
enzymes belonging to the group of blue multicopper

Abbreviations

oxidases, along with ascorbate oxidases [1], mamma-
lian plasma ceruloplasmin [2], Escherichia coli copper

ABTS, 2,2"-azinobis(3-ethylbenzo-6-thiazolinesulfonic acid); BsL, Bacillus subtilis laccase; 2,6-DMP, 2,6-dimethoxyphenol; Mal,
Melanocarpus albomyces laccase; PDB, Protein Data Bank; RIL, Rigidoporus lignosus laccase; rMal, recombinant Melanocarpus albomyces
laccase; Talcc1, Thielavia arenaria laccase; ThL, Trametes hirsuta laccase; TvL, Trametes versicolor laccase.
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efflux operon, which is involved in copper homeostasis
[3], a yeast plasma membrane-bound Fet3p that cataly-
ses iron oxidation [4], and phenoxazinone synthase
from Streptomyces antibioticus [5]. Laccases are com-
mon in fungi, and are also found in some higher plants
and bacteria. These enzymes are capable of oxidizing
various organic and even inorganic substrates; how-
ever, in general, their substrates are phenolic com-
pounds (such as those presented in Table 1). Phenolics
are oxidized near the T1 copper to phenoxy radicals,
which can then form a large variety of oxidation prod-
ucts by radical reactions. The substrate variety can
be increased by the use of redox mediators, such
as 2,2’-azinobis(3-ethylbenzo-6-thiazolinesulfonic acid)
(ABTS). In addition, direct electron exchange between
laccase and, for example, graphite electrodes [6,7] has
been reported. The broad substrate range, wide pH
optimum and thermostability of some laccases, as well
as their use of oxygen as the terminal electron accep-
tor, mean that these enzymes have great potential for
several applications, such as pulp bleaching, textile dye
decolorization, delignification, bioremediation, fuel
cells, and sensors [8.,9].

J. P. Kallio et al.

Laccases have recently been extensively studied by
X-ray crystallography. The first complete laccase struc-
tures were published in 2002, and crystal structures from
at least 10 different organisms have now been reported.
Most of the structures are from sporophoral basidiomy-
cota fungi: Coprinus cinereus [10], Trametes versicolor
[11,12], Rigidoporus lignosus [13], Cerrena maxima [14],
Coriolus zonatus [15], Lentinus tigrinus [16], Trame-
ter trogii [17], Trametes hirsuta [18], and Coriolopsis
gallica. Structures of bacterial laccases or multicopper
oxidases are also available, including the spore coat pro-
tein A from Bacillus subtilis [20], a copper efflux operob
from E. coli [21], and the more recently published novel
two-domain laccases [22-24]. The other phylum of the
fungi, the Ascomycota or sac fungi, is much less studied,
and only the crystal structure of Melanocarpus albomy-
ces laccase (MaL) has been solved [25].

The fold of the three-domain laccases is composed
of three B-barrel domains that are assembled around
two catalytic copper-binding sites (Fig. 1). The active
sites are formed by four copper cations, which are
divided into three different types — type 1 (T1), type 2
(T2), and type 3 (T3) — by their characteristic spectro-

Table 1. Kinetic parameters for rMaL, TaLcc1, and ThL, measured with 2,6-DMP, syringic acid and methyl syringate in 25 mm succinate buf-
fer at pH 4.5 and in 40 mm Mes buffer at pH 6.0 (25 °C). Structural formulas of the substrates are presented. Redox potentials (£°) of T1
coppers of the laccases and redox potentials of the substrates at pH 4.5 and pH 6.0 are provided, together with the redox potential differ-
ences (AE®) between the T1 coppers of the laccases and the substrates. ND, not determined.

2,6-DMP Syringic acid Methyl syringate
pH 4.5 pH 6 pH 4.5 pH 6 pH 4.5 pH 6
E° =053V E° =040V E° =057V =051V E° =069V E° =065V
rMal (E° = 0.48 V)
AE° (V) - 0.05 0.08 - 0.09 -0.03 -0.21 -0.17
Ko () 18+ 1 95+ 09 122 + 11 132 + 22 ND ND
Vinax (dA min~"-nmol™") 126 + 2 119 £ 1 35+0.1 121 +0.6 ND ND
Talccl (F° = 0.51 V)
AE° (V) -0.02 0.11 - 0.06 0 -0.18 - 014
Kin (M) 45 + 4 58+ 0.6 128 + 4 61 +4 ND ND
Vinax (dA min~"nmol™") 99 + 2 87 + 1 35+0.1 2.7 0.1 ND ND
ThL (F° = 0.78 V)
AE° (V) 0.25 0.38 0.21 0.27 0.09 0.13
Koy () 18+ 1 63+1.3 35+6 17 + 4 168 + 19 50 + 16
Vimax (A min~"-nmol™) 193 +3 91 %2 83=+04 2.0=+0.1 21 %1 26+02
OH OH OH
o) (o) 0. 0. o) o)
o OH 0% oH
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Fig. 1. (A) The crystal structure of TaLcc1
as a surface model. Domain A is presented
in blue, domain B in green, and domain C in
yellow. The N-glycans are shown as red
sticks. Glycans are named as G1 on Asn89,
G2 on Asn202, G3 on Asn217, G4 on
Asn247 (on the other side of the molecule),
G5 on Asn290, and G6 on Asn376.

(B) Cartoon representation of TaLcc1. The
catalytic coppers are shown in orange, and
the C-terminal plug in purple.

scopic features. The T1 copper is responsible for the
characteristic blue colour of these enzymes, and has
strong absorption at 600 nm. The T1 and T2 coppers
are paramagnetic, and can be detected by EPR spec-
troscopy. The T3 coppers form an antiferromagneti-
cally coupled dinuclear copper—copper pair, and are
therefore EPR silent, although these coppers cause
absorbance at 330 nm. The loops surrounding the T1
copper form the phenolic substrate-binding site of the
enzyme, whereas the T2 and the T3-pair coppers form
the trinuclear site that is responsible for binding and
reduction of the molecular oxygen. The reduction of
oxygen to two water molecules requires the transfer of
four electrons [26,27]. The rate-limiting step for the
catalysis is apparently the transfer of the first electron
from the substrate to the T1 copper in laccase. The
suitability of a chemical compound as a laccase sub-
strate depends on two factors. First, the substrate must
dock at the T1 copper site, which is mainly determined
by the nature and position of substituents on the phe-
nolic ring of the substrate. Second, the redox potential
(E°) of the substrate must be low enough, as the rate
of the reaction has been shown to depend on the dif-
ference between the redox potentials of the enzyme
and the substrate (AE°) [28-31].

This study presents the crystal structure of a novel
laccase (TaLccl) from the ascomycete fungus Thielavia
arenaria [32]. The molecular mass of the enzyme is
~ 80 kDa (based on SDS/PAGE), and it shows multi-
ple bands in IEF. The pH optimum is 5.5, but the
enzyme retains substantial activity at pH 7. The three-
dimensional structure of TalLccl shows both similari-
ties to and differences from the analogous structures
of the ascomycete laccase (asco-laccase) MaL, thus giv-
ing a comprehensive view of the structure and function
of asco-laccases.

FEBS Journal 278 (2011) 2283-2295 © 2011 The Authors Journal compilation © 2011 FEBS
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Results and Discussion

Overall structure

The crystal structure of TalLccl was solved to 2.5-A
resolution from pseudomerohedrally twinned crystals
by molecular replacement, using the recombinant MaL
expressed in Trichoderma reesei [rMaL; Protein Data
Bank (PDB) code 2Q90] [33] as a model. The real
space group was P2, and it was mimicking ortho-
rhombic (f = 90.3°). This led us to the solution with
four molecules in an asymmetric unit, with a Matthews
coefficient probability of 2.61 A*Da™' and a solvent
content of 52.9%. Interestingly, molecules A and B
(and C and D) formed a similar weak dimer as previ-
ously reported for rMaL [33]. Thus, the asymmetric
unit contained two weak Talccl dimers (Fig. 1).

The crystal structure of TalLccl contained 564
amino acids. The overall structure was similar to that
of other fungal laccases, especially the only known
asco-laccase structure from M. albomyces [25). Protein
monomers of the two asco-laccases could be superim-
posed with an rmsd of 0.65 A for 558 Co atoms. The
fold is composed of three cupredoxin-like domains,
called A (1-160), B (161-340), and C (340-564)
(Fig. 1A,B), or sometimes referred to in the literature
as domains I, II, and III. In TaLccl, three disulfide
bridges located in domain A (Cys5-Cysl3), in
domain B (Cys298-Cys332) and between domains A
and C (Cysl15-Cys545) stabilize the fold.

Most laccases are glycoproteins, with typically 3-10
glycosylation sites per monomer, although the func-
tional role of the carbohydrates is not clear. Glycosyla-
tion has been suggested to be involved, for example,
in the stabilization of the catalytic centre, giving
protection against hydrolysis, and improving the
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thermostability of the enzyme [34]. On the basis of the
sequence of Talccl, there are eight putative N-glycosyl-
ation sites (Asn89, Asn202, Asn217, Asn247, Asn290,
Asn337, Asn376, and Asn396), and carbohydrate resi-
dues were found on six of these sites (Asn89, Asn202,
Asn217, Asn247, Asn290, and Asn376) in our crystal
structure (Fig. 1A). The carbohydrate composition
slightly varied between the molecules in the asymmetric
unit; however, the glycans attached to Asn89 (Gl in
Fig. 1A) and to Asn202 (G2 in Fig. 1A) were consistent
in all four molecules. These two glycans seem to have a
clear stabilizing effect on the multidomain protein struc-
ture. The glycan on Asn89 was located alongside the C-
terminal tail between all three domains (Fig. 2A), and
had two hydrogen bonds with Ser180 and Asn555. The
glycan on Asn202 was in the groove between the B-bar-
rels of domains A and B (Fig. 2B), and had six hydro-
gen bonds, three to the main chain carbonyls at Asn6,
Leul68, and Vall70, and three to the side chains of
Argll, Arg71, and Tyr216.

The catalytic centres were arranged in similar way
as previously reported for MaL [25]. In the mononu-
clear centre, the T1 copper was coordinated to two
NDI1 atoms of His residues. The residues in the axial
positions of the mononuclear centre were Leu and Ile.
The trinuclear centre had two type 3 coppers (T3 and
T3’), each being coordinated to three nitrogen atoms
of His residues. The T2 copper was coordinated to
two nitrogens of His residues. On the basis of the elec-
tron density, we refined one oxygen atom (probably a
hydroxide) between the type 3 coppers in molecules B,
C and D in the asymmetric unit of the crystal struc-
ture. However, the electron density among the coppers
in molecule A was stronger than in the other mole-
cules, and had a slightly elliptic shape towards the T2
copper. On the basis of these observations, we decided
to refine a dioxygen molecule at this site. Another oxy-
gen atom (most likely a hydroxide or a water mole-
cule) was coordinated to the T2 copper on the
opposite side (in the T2 solvent channel). No chloride
was observed, even though the purified enzyme was in
Tris/HCl buffer. In the crystal structure of MaL/
rMalL, a chloride is bound to the T2 copper, whereas
in other published laccase crystal structures, an oxygen
atom, most likely in a hydroxide ion, is reported to be
here.

T2 solvent channel

The water channel leading to the trinuclear centre
from the side of the T2 copper, between domains A
and C, can be found in all fungal laccases except in in
rMaL, where His98 blocks the access. The T2 cavity is
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Fig. 2. Stabilizing carbohydrates of TalLcc1. Domain A is presented
in blue, domain B in green, and domain C in yellow. (A) The glycan
on Asp89 stabilizes the C-terminal tail (marked in purple). (B) The
glycan on Asp202 is located on the groove between domain A and
domain B. The 2F, - F. electron density for the carbohydrates is
presented in cyan, contoured at 1c.

surrounded by acidic Asp residues (Fig. 3), which have
been suggested to provide the protons required for di-
oxygen reduction in Fet3p multicopper oxidase [35]. In
our Talccl structure, His98 was replaced by Arg99,
orientated such that it formed the surface of the sol-
vent channel. Therefore, the access through the chan-
nel was unhindered in TaLccl (Fig. 3A). It is possible
that His98 in rMaL may also rotate to another confor-
mation to open the T2 channel (Fig. 3B). On the basis
of protein structure libraries, the ‘open conformation’
would be the second most favoured conformation. On
the other hand, we did not observe any trace of the
movements on the His98 residue in our MalL/rMaL
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Asp106

Fig. 3. T2 solvent channels leading into the trinuclear centre of
asco-laccases. (A) The open solvent channel in TaLccl. The cavity
is formed between domain A (blue) and domain C (yellow). (B) The
closed solvent channel in rMalL. His98 (corresponding to Arg99 in
Talcc1) blocks the solvent channel in rMaL. The putative open con-
formation of His98 is shown in purple. In the rMaL structure, the
chloride is located in the upper cavity.

crystal structures. In our near-atomic crystal structure
of rMaL, His98 exists in its oxidized form, possibly
because of the oxidative stress [33]. The oxidation of
the His residues probably affects its ability to change
the side chain conformation, which may have implica-
tions for the catalytic function of this laccase.

Role of the C-terminus

In addition to the T2 solvent channel, a so-called T3
solvent channel is generally reported in basidiomycete

Crystal structure of a Thielavia arenaria laccase

laccases. The T3 solvent channel gives the solvent
access to the trinuclear centre. However, the channel is
blocked by the C-terminal end of the amino acid chain
in MaL/rMaL [25,33]. Similarly, in the structure of
TaLccl, the last four amino acids (DSGL) penetrate
inside the channel. This is known as a C-terminal plug
or a C-terminal tail. On the basis of the crystal struc-
ture, the mature Talccl enzyme lacks 40 residues at
the N-terminus and 13 residues at the C-terminus as
compared with the coded sequence. It has been previ-
ously reported that the gene sequence of rMalL codes
for 623 residues, but the secreted mature enzyme lacks
50 residues at the N-terminus and 14 residues at the
C-terminus [36]. The C-terminal extension containing
the last 14 (13 in TaLccl) residues is post-translation-
ally cleaved, and thus the active forms of both
enzymes have DSGL as the last four amino acids
penetrating into the channel.

The C-terminal processing has been reported for
asco-laccases of different origins [37-39]; furthermore,
the C-terminus of the mature asco-laccases is highly
conserved, suggesting that the DSGL/V/I plug is most
likely a characteristic feature of asco-laccases. Basidio-
mycete laccases do not generally have this type of
C-terminus. However, R. lignosus laccase (RIL) [13] has
a C-terminal DSGLA sequence. Among the known
basidiomycete laccases, RIL is phylogenetically the clos-
est to asco-laccases. Although the last amino acids of
RIL are not visible in the crystal structure, it is unlikely
that the C-terminus of RIL would be long enough to
form such a plug, as the last visible amino acid (Asn494)
is located on the surface of the molecule and is rather
far away from the trinuclear site. Therefore, the
C-terminal sequence of RIL might be more of an evolu-
tionary relic than a functional feature of the enzyme.

The actual role of the C-terminus in asco-laccases
has been unclear. However, we have recently shown
that a mutation in the C-terminus of rMaL affects
both the activity and the stability of the enzyme [40].
The Leu559 — Ala mutation greatly reduced the turn-
over number for ABTS, whereas the turnover number
for the phenolic substrates was not significantly
altered. In addition, deletion of the four last amino
acids (deIDSGL) of rMaL resulted in a practically
inactive form of the enzyme [40]. Therefore, it is obvi-
ous that the C-terminal amino acids are critical for the
function of asco-laccases. Furthermore, the C-terminal
extension (the amino acids after the cleavage site) has
been shown to affect the secretion process and folding
of asco-laccases [41].

Very recently, studies on a CotA laccase from
B. subtilis (BsL) have provided evidence for Glu498
near the T3 coppers participating in the catalytic
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function of the enzyme, possibly by promoting proton
transfer [42,43]. The fungal laccase structures have no
Glu or Asp in this position, but basidiomycete fungal
laccases have a conserved Asp in close proximity, i.e.
Aspd56 in T. versicolor laccase. In asco-laccases, the
only acidic residue in the T3 solvent cavity that is close
enough to assist in the proton transfer is the carboxyl-
ate from the C-terminus. The C-terminal carboxylate
group of asco-laccases and the conserved Asp of the
basidiomycete laccases are both ~ 7 A from the oxy-
gen species located between the T3 coppers. Glu498 of
BsL is 4.7 A from this oxygen (Fig. 4). It is plausible
that asco-laccases use the C-terminal carboxylate
group and basidiomycete laccases use the conserved
Asp to assist proton transfer for reducing the molecu-
lar oxygen. Nevertheless, the continuous flow of pro-
tons from the phenolic substrate might come through
the so-called SDS gate, which is conserved in asco-lac-
cases but not detected in basidiomycete laccases or the
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Fig. 4. The trinuclear centres of (A) TalLcc1,
(B) rMaL, (C) TvL, and (D) BsL. The distance
of the putative catalytic carboxyl group from
the oxygen species between the T3 coppers
is shown.

B. subtilis CotA laccase. The SDS gate is formed by
two Ser residues and one Asp residue, and it is
thought to be involved in proton transfer from the T1
site to the trinuclear centre [33]. In TalLccl, Serl43,
Ser511 and Asp561 form the SDS gate, which possibly
assists the proton flow. Laccases from different organ-
isms might thus have adopted different strategies to
facilitate proton transfer for the dioxygen reduction.

Oxidation of phenolic substrates

The substrate-binding pocket of TaLccl is similar to
that in MaL, but there are clear differences in both the
size and the shape of the pocket (Fig. SA,B). Leu297
in TaLccl (Ala297 in MaL) narrows the cavity as
compared with Mal, whereas Prol95 and Val428
(Phel94 and Phe427 in Mal) make the cavity in TaL-
ccl wider in the other direction. In addition, the loop
with Val428 has an additional Ile427 in TaLccl. This
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Fig. 5. (A, B) The substrate-binding pockets
of (A) TaLcc1 and (B) rMaL. (C) Superim-
posed amino acids forming the substrate-
binding pockets. TalLcc1 is shown in blue,
rMalL in green, and 2,6-DMP from the com-
plex structure (PDB code 3FU8) in yellow.
The amino acids of Talcc1 are labelled.

loop resembles ‘the extended jut’ reported in LacB of
Trametes sp., which was also suggested to be involved
in substrate recognition [44].

In TaLccl, 10 hydrophobic residues (Alal93,
Leu297, Leu363, Phe371, Trp373, Ile427, Val428,
Leu430, Trp508, and His509) and one hydrophilic resi-
due, Asp236, form the binding pocket. The most evi-
dent difference between MaL and TaLccl is in this
putative catalytic amino acid: TaLccl has an Asp236,
instead of the Glu235 observed in MaL. Most basidio-
mycete laccases, such as T. versicolor, L. tigrinus and
C. cinereus laccases, have Asp residues here. In the
crystal structure of the basiodiomycete 7. hirsuta lac-
case (PDB code 3FPX), the corresponding residue is
an Asn, and it has been suggested that this contributes
to the high catalytic constants of 7. hirsuta [18]. How-
ever, the purified laccase from 7. hirsuta (ThL) (Uni-
Prot Knowledgebase accession number Q02497) used
in our experiments has an Asp here [45].

In order to understand the oxidation of phenolic
compounds in the binding pockets of laccases, the
kinetic behaviour of TaLccl, rMaL and ThL on three
phenolic compounds [2,6-dimethoxyphenol (2,6-DMP),
syringic acid, and methyl syringate] was studied
(Table 1). The dimethoxy phenolic substrates have dif-
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ferent para-substituents and different redox potentials.
On the basis of our crystal structure of rMaL with 2,6-
DMP [46], and the T. versicolor laccase (TvL) complex
structure with 2,5-xylidine [11], the para-substituents
would point out from the binding pocket and therefore
not affect the substrate binding. The rate of laccase-ca-
talysed reactions is thought to increase as the redox
potential difference (AE®) between the T1 copper and
the substrate increases. In TaLccl, the redox potential
of the T1 copper is slightly higher (0.51 V) than that
in rMaL (0.48 V), but not as high as in ThL (0.78 V);
thus, it would be expected that the kinetic data for
TaLccl would fit in between the data of rMaL and
ThL. However, our kinetic data clearly show that this
is not the case, suggesting that the redox potential dif-
ference is not the only factor contributing to the rate
of substrate oxidation (Table 1).

The kinetics of substrate oxidation by laccases has
also been shown to be pH-dependent [47]. At higher
pH values, phenolic substrates have lower E° values,
whereas E° for the T1 copper of laccases seems to be
unaffected by varying pH [28]. As consequence, when
AE° increases at the higher pH, the reaction rate is
increased, but the inhibitory effect of hydroxide also
increases. A typical feature of basidiomycete laccases is
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their acidic pH optima, whereas asco-laccases generally
work in a more neutral range with phenolic com-
pounds [48,49]. Therefore, kinetic studies were carried
out at pH 4.5, which is more optimal for ThL, and at
pH 6.0, which is, in general, more optimal for TaLccl
and rMal (Fig. S1). Because both the pH dependence
and the difference in redox potential affect the kinetics
of the laccases, we concluded that rMalL and TaLccl
were able to oxidize syringic acid at pH 6.0, mainly
owing to the favourable pH, whereas ThL could oxi-
dize the same substrate, mainly because of the large
difference in redox potential. However, the effect of
the difference in redox potential outweighs the effect
of pH for substrates with high E°, such as methyl sy-
ringate. Oxidation of methyl syringate was only possi-
ble with the high redox potential ThL, whereas the
kinetic parameters for this substrate could not be
determined with TalLccl or rMaL at either pH value
(Table 1).

Interestingly, TaLccl showed a lower K, for 2,6-
DMP at pH 6.0 than at pH 4.5 (Table 1). Despite the
small difference in redox potentials of the two asco-
laccases and their very similar pH optimum profiles,
the affinity of TaLccl for 2,6-DMP was lower than the
affinity of rMaL for the same substrate at pH 4.5. The
similar pH profiles and AE° values for the two asco-
laccases do not explain the three-fold increase in reac-
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tion rate of rMaL with syringic acid at pH 6 as com-
pared with pH 4.5. These differences in kinetic
behaviour between TaLccl and rMal must therefore
be attributable to the variations in several residues
forming the binding pocket, most likely Asp236,
Alal93 and Val428 observed in Talccl instead of
Glu235, Prol192 and Phed427 observed in rMalL. Our
mutagenesis studies with MaL have demonstrated that
Glu235 — Asp mutation of the catalytic residue
clearly increases the K, value for phenolic substrates
while not affecting the k., value. Furthermore, both
the K., and k., values were clearly affected by the
Glu235 — Thr mutation, suggesting the importance of
the carboxylic group for the catalytic activity [46]. In
addition, Phe427 in rMaL (Val428 in TaLccl) might
be involved in placing substrate molecules into the cor-
rect orientation for oxidation. In 7. hirsuta, the loops
forming the substrate-binding pocket are completely
different, possibly accounting for the clear differences
in reaction kinetics between basidiomycete laccases
and asco-laccases.

Dimerization

In the Talccl crystal structure, molecules A and B
(and C and D) of the asymmetric unit form a weak
dimer (Fig. 6). On the basis of calculations performed

Fig. 6. (A) Cartoon representation of dimers of TalLcc1 (blue) and rMaL (green). 2,6-DMP ligands (purple) are presented as they are in the
rMal complex structure (PDB code 3FU8). A surface representation of TalLccl (light blue) shows a small central channel that provides
access for the substrates. (B, C) The contact amino acids at the dimeric interface in TalLcc1 (B) and rMaL (C). The residues from molecule A
are shown in purple, and those from molecule B in yellow. The hydrogen bonding residues (according to Protein Interfaces, Surfaces and
Assemblies) have been labelled, as have the hydrophobic residues with the closest contacts.
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with the Protein Interfaces, Surfaces and Assemblies
service [50-52], the buried surface area for the weak
dimers, AB and CD, is 3.2% (658 A2) and 3.3%
(667 A2) of the total surface area, respectively. In this
weak dimer, the loop areas surrounding the phenolic
substrate-binding  pockets are packed together
(Fig. 6A). Similar dimerization has been reported in
the crystal structure of MaL [33]. In MaL, one of the
key residues for the dimeric interaction is Phe427,
located at the edge of the substrate-binding pocket.
This residue might be involved in the orientation or
the docking of the substrate molecules. In MaL, the
Phe residues from two molecules are packed face-to-
face. In TaLccl, the corresponding loop is longer, and
the interacting residues are Ile427 and Vald28
(Fig. 6B). As a consequence, the T1-T1 copper dis-
tance is slightly longer in TaLccl (28 A) than in MaL
27 A), and the surface contact area is also slightly
smaller (667 A% than that on MaL (796 A% for
2Q90).

It is possible that the weak dimers of MalL and
TaLccl are the so-called ‘transient dimers’, which
exist in solution as a mixture of monomers and
dimers in a concentration-dependent manner [53]. It is
noteworthy that the dimeric composition in MaL and
TaLccl is very similar, suggesting that the ability to
form dimers may have functional meaning. Interest-
ingly, the two substrate-binding sites are packed
against each other, and there is a shared cavity in the
interface of the dimer. This cavity is enclosed in the
MalL structure, whereas in the TaLccl structure there
is a clear solvent channel in the interface between pro-
tein molecules that provides free access of the sub-
strate  molecules to the binding sites (Fig. 6A).
However, the cavity itself is more compact in TaLccl
than in MaL, owing to the loop containing Ile427
and Val428. The other narrow solvent channel
reported earlier for rMaL is also visible in TaLccl
[46]. The observed dimer in the crystalline state
favours smaller phenolic substrates without large sub-
stituents in the para-position. The docking simulations
based on the crystal structure for TaLccl reveal that
substrates with large groups at the para-position clash
with the loop containing Ile427 and Leu428. The cor-
responding loop is shorter in MaL, and the cavity is
also more spacious.

Industrial utilization

Laccases have wide reaction capabilities and possess
great biotechnological potential, because of their broad
substrate specificity. Laccases can be utilized in many
industrial applications, including biopulping, textile
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dye bleaching, bioremediation, biological fuel cells,
and sensors. The stability and activity over broad pH
and temperature ranges are desired properties for
industrial enzymes. With respect to industrial applica-
tions, the ascomycete fungal laccase TaLccl is an effi-
cient enzyme, particularly in denim bleaching, even at
high temperatures and at neutral pH [32].

In general, asco-laccases possess a wider optimal pH
range than basidiomycete laccases; however, the cata-
lytic ability of asco-laccases in less acidic conditions
has not yet been fully clarified on the basis of the
available laccase structures. It could be that the adap-
tation of slightly different methods for proton transfer
in asco-laccases and basidiomycete laccases (and in
bacterial laccases) is responsible for the differences in
the pH optimum range of laccases. In addition, the tri-
nuclear site in asco-laccases is more protected, owing
to the C-terminal plug; this might reduce the effect of
hydroxide inhibition. Both TaLccl and MaL are also
rather thermostable as compared with many other
laccases. The stabilization of both the N-termini and
C-termini of TaLccl and MaL might be a reason for
the higher thermal stability. The extended C-terminus
of asco-laccases is buried inside the solvent channel,
and the extended N-terminus is stabilized by an
additional disulfide bridge. In addition, both termini
interact with carbohydrates bound to the protein
structure.

Asco-laccases typically have middle redox potentials
(TaLccel, 0.51 V), whereas many basidiomycete lac-
cases have very high redox potentials (ThL, 0.78 V),
resulting in enhanced oxidation power. In the future,
rational design methods could be used for tuning the
redox potential of asco-laccases, or to increase the sta-
bility and the optimal pH range of high redox poten-
tial basidiomycete laccases. However, more studies are
needed to understand how the enzyme structure con-
tributes to the industrially desired properties.

Experimental procedures

Purification

Talccl was produced at Roal Oy (Rajaméki, Finland),
with Tr. reesei as host [32]. The culture supernatant was
concentrated, buffer-exchanged, applied to a weak anion
exchange column (DEAE Sepharose FF) in 5 mm Tris/HCl
buffer (pH 8.5), and eluted with a linear 0-100 mm sodium
sulfate gradient. Active fractions were pooled on the basis
of ABTS activity, and were concentrated and desalted
(Vivaspin, MWCO 10 000 Da). Typically, the laccase was
further purified with a high-resolution anion exchange
column (Resource Q) pre-equilibrated in 5 mm Tris/HCI
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buffer (pH 8.5). The bound proteins were eluted with a lin-
ear sodium sulfate gradient (0-100 mm). Active fractions
were eluted at sodium sulfate concentrations between 5 and
40 mM, and concentrated. Subsequently, the buffer was
changed to Tris/HCl (20 mm, pH 7.2). The protein yield
from the purification was 6%, and the purification factor
was 1.5.

MaL was overproduced in Tr. reesei, and purified basi-
cally as described previously [54]. ThL, assigned with Uni-
Prot Knowledgebase accession number Q02497 [45], was
produced in its native host and purified in two chromato-
graphic steps, as described previously [55].

Crystallization

Talccl was crystallized at room temperature with the
hanging drop vapour diffusion method. Two microlitres of
protein solution at a concentration of 9 mg:mL™" and 2 pL
of crystallization solution were equilibrated against 500 pL
of reservoir solution. Initial screens were made with Crystal
Screen I by Hampton Research. Optimization of the molec-
ular weight of poly(ethylene glycol) and its concentration,
together with pH, led us to the final crystallization condi-
tion of 7.5% poly(ethylene glycol) 3350, 0.2 M ammonium
sulfate, and 0.1 M sodium acetate (pH 4.4). The streak seed-
ing method with an equilibration time of ~ 10 h was used
to obtain better-quality crystals. The crystals grew as thin
plates, which made them difficult to handle. The crystals
were approximately 0.3-1 mm long and 0.15-0.5 mm wide,
and the thickness of the crystals was always under 0.1 mm.

Data collection and structure refinement

Before data collection, TaLccl crystals were quickly soaked
in a cryoprotectant solution containing the reservoir solu-
tion with 25% glycerol. The crystal was then picked up
with nylon loops and flash-frozen in liquid nitrogen. Data
were collected at 100 K with synchrotron radiation at the
European Synchrotron Radiation Facility (Grenoble) on
beamline ID14-1, using an ADSC Q210 charge-coupled
device detector. The data were indexed and integrated in
MOSFLM [56], and scaled to 2.5-A resolution in SCALA [57]
from ccp4 [58]. The structure factors were created with
TRUNCATE [59] from ccp4. A summary of the processing
statistics is given in Table 2. The rather high Rpre. might
be attributable to twinning or, additionally, to anisotropic
diffraction patterns of the crystal.

The data were analysed with XTRIAGE from the PHENIX
package [60]. The suggested lattice was monoclinic, but the
highest possible lattice seemed to be orthorhombic. The
multivariate L-tests strongly indicated that the data were
twinned. The Z-score was 10.9, whereas the value should be
under 3.5 for good-quality to reasonable-quality data. The
twin operator for this case was (h, — k, — [), and the esti-
mated twin fraction was about 0.3 (Table 2). In addition, we

J. P. Kallio et al.

Table 2. Summary of processing and refinement statistics. Values
in parentheses are for highestresolution shells. ARmerge =
Soh Sl = U0 S e Roin = Son1/0, = VY2 Sy = Inl/
22n 221 Kn)-

Data collection

Wavelength (A) 0.934

No. of images 360
Crystal-detector distance (mm) 239.3

Oscillation range (°) 0.5

Space group P2,

Unit cell a=613 b=1789,

118.1, b=90.3
42.6-2.5 (2.6-2.5)
334 560 (49 270)
87 766 (12 787)

Resolution range (A)
No. of reflections
No. of unique reflections

Completeness (%) 99.9 (99.9)
I/ (l) 5.8 (2.9
Multiplicity 3.8(3.9)
Rinerge 25.8 (44.1)
Rpim 15.3 (26.0)
Analysis
Statistics independent of twin laws
<IN2 > /<I>N2 1.99
<F>N2/<FN2> 0.83
<IEA2-11> 0.67
<ILl>, <[A2> 0.38, 0.20
Z-score L-test 10.9
Twin fraction estimated 0.30
Twin law h -k -1
Refined twin fraction 0.36
Refinement
Ruwork 18.1
Riree 22.4
rmsd bond length from ideal (A) 0.009
rmsd bond angles from ideal (°) 1.063
Ramachandran plot
Favoured (%) 92.9
Allowed (%) 7.0
Outlier (%) 0.1

also noticed a rather large off-origin peak, indicating some
pseudotranslational symmetry that is most likely involved in
the twinning with noncrystallographic symmetry.

The structure was solved by molecular replacement with
the rMalL structure (75% sequence identity) as a model.
Molecular replacement was performed with PHASER [61]
from the ccp4 package and the rMaL (PDB code 2Q90)
coordinates as a model. Only in space group P2, were rota-
tion and translation solutions found that showed reason-
able crystal packing. The R-values for the first round of
refinement were R = 26.7% and Rpe. = 34.9%. When a
twin operator was included, R-value and Rpe.-value were
decreased to 19.2% and 25.2%, respectively. Refinement of
the model and twin fraction were carried out with PHENIX,
and model building in coot [62]. The final R-values after
the refinement were R = 18.1% and Ry = 22.4%, and
the twin fraction was refined to 0.36. Despite the twinning,
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a surprisingly good-quality and continuous electron density
map observed.  Noncrystallographic  symmetry
restraints were used during the refinement, and we also
tried to release them, but this resulted in high B-factors for
atoms in molecules C and D. Validation was performed
with SFCHECK [63] from the ccp4 package, with 92.9% of
all residues being in the most favourable region of the Ra-
machandran plot (Table 2).

was

Kinetic data

Kinetic constants (K, and Vi, for rMal, TalLccl and
ThL were determined on 2,6-DMP, syringic acid, and
methyl syringate, at both pH 4.5 and pH 6.0, in 25 mM suc-
cinate buffer and 40 mM Mes buffer, respectively (Table 1).
Kinetic measurements were performed in microtitre plates
with a Varioskan kinetic plate reader (Thermo Electron
Corporation, Waltham, MA, USA). The reactions were
started by addition of substrate, and the rate of substrate
oxidation was measured by monitoring the change in absor-
bance over 5 min. All of the measurements were performed
in duplicate, with eight substrate concentrations (0.008—
1.333 mMm for 2,6-DMP and syringic acid; 0.008-2.800 mm
for methyl syringate). The kinetic parameters were obtained
by curve-fitting analysis with GRAPHPAD PRISM 4.01 (Graph-
Pad Software). The pH optima of the three laccases were
measured, with a substrate concentration of 1.7 mMm, for
2,6-DMP, syringic acid and methyl syringate in Mcllvaine’s
buffer system at pH levels ranging from 2 to 8.
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Tyrosinase (EC 1.14.18.1) is a widely distributed type 3 copper enzyme participating in essential biological
functions. Tyrosinases are potential biotools as biosensors or protein crosslinkers. Understanding the reaction
mechanism of tyrosinases is fundamental for developing tyrosinase-based applications. The reaction mecha-
nisms of tyrosinases from Trichoderma reesei (TrT) and Agaricus bisporus (AbT) were analyzed using three
diphenolic substrates: caffeic acid, L-DOPA (3,4-dihydroxy-L-phenylalanine), and catechol. With caffeic acid
the oxidation rates of TrT and AbT were comparable; whereas with L-DOPA or catechol a fast decrease in
the oxidation rates was observed in the TrT-catalyzed reactions only, suggesting end product inhibition of
TrT. Dopachrome was the only reaction end product formed by TrT- or AbT-catalyzed oxidation of L-DOPA.
We produced dopachrome by AbT-catalyzed oxidation of L-DOPA and analyzed the TrT end product (i.e.
dopachrome) inhibition by oxygen consumption measurement. In the presence of 1.5 mM dopachrome the
oxygen consumption rate of TrT on 8 mM L-DOPA was halved. The type of inhibition of potential inhibitors
for TrT was studied using p-coumaric acid (monophenol) and caffeic acid (diphenol) as substrates. The stron-
gest inhibitors were potassium cyanide for the TrT-monophenolase activity, and kojic acid for the TrT-
diphenolase activity. The lag period related to the TrT-catalyzed oxidation of monophenol was prolonged
by kojic acid, sodium azide and arbutin; contrary it was reduced by potassium cyanide. Furthermore, sodium
azide slowed down the initial oxidation rate of TrT- and AbT-catalyzed oxidation of L-DOPA or catechol, but it

also formed adducts with the reaction end products, i.e., dopachrome and o-benzoquinone.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Tyrosinases (EC 1.14.18.1) belong to type 3 copper proteins, which
also include catechol oxidases (EC 1.10.3.1) and oxygen carrier proteins
hemocyanins [1]. Tyrosinase catalyzes the o-hydroxylation of mono-
phenols and the subsequent oxidation to quinones (cresolase or mono-
phenolase activity). Tyrosinase also catalyzes the direct oxidation of o-
diphenols to quinones (catecholase or diphenolase activity), which
are colorful and highly reactive compounds [1,2]. Tyrosinases exist
widely in plants, animals, fungi and bacteria. Tyrosinases are involved
in many biologically essential functions such as biosynthesis of melanin
pigments, sclerotization, primary immune response and host defense
[3-9]. The best characterized tyrosinases are derived from species of
Streptomyces bacteria, and from the fungi Neurospora crassa and Agari-
cus bisporus [2,10-16]. At today, the intracellular enzyme from A. bis-
porus is the only tyrosinase commercially available. A. bisporus

* Corresponding author. Tel.: +358 40 849 1073; fax: +358 20 722 7071.
E-mail addresses: ext-Chiara.Gasparetti@vtt.fi (C. Gasparetti),
Emilia.Nordlund@vtt.fi (E. Nordlund), Janne.Janis@uef.fi (J. Jdnis),
Johanna.Buchert@vtt.fi (J. Buchert), Kristiina.Kruus@vtt.fi (K. Kruus).

1570-9639/% - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbapap.2011.12.012

tyrosinase is highly homologous to the mammalian tyrosinases, thus it
has been used as a model in most of the studies on melanogenesis
[17]. The binuclear active site of tyrosinase consists of two copper
ions, coordinated each by three highly conserved histidines [2]. The ac-
tive site of tyrosinase exists in three forms: oxy-, met- and deoxy-form
[18]. Both met- and oxy-forms show a diphenolase activity, whereas
only the oxy-form shows a monophenolase activity [11,19]. The
deoxy-form is a reduced and an instable form and binds oxygen to
give the oxy-form [20-22]. Tyrosinase can accept a wide range of p-
substituted monophenolic and diphenolic substrates. Among them, L-
tyrosine and L-DOPA (3,4-dihydroxy-L-phenylalanine) are the natural
precursors of melanins. The direct product of a tyrosinase-catalyzed re-
action on L-tyrosine or L-DOPA is dopaquinone (Fig. 1). In the absence of
sulphydryl residues dopaquinone undergoes an intramolecular addi-
tion of an amino group to produce leukodopachrome, known also as
cyclodopa. A redox reaction between leukodopachrome and dopaqui-
none forms L-DOPA and dopachrome [23-25]. The spontaneous non-
enzymatic reactions yielding to the formation of dopachrome are fast,
and tyrosinase activity can be measured spectrophotometrically by fol-
lowing the formation of the product dopachrome at 475 nm. Dopa-
chrome is a relatively stable orange-red intermediate and is the final
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Fig. 1. Early stages of biosynthetic pathways leading to melanin production (modified from [28]).

product of the proximal phase of melanogenesis [23,24]. Dopachrome is
the precursor of eumelanins, which are formed in the distal phase of
melanogenesis via chemical and enzymatic reactions [26]. In the pres-
ence of sulphydryl residues, i.e., a cysteinyl residue or glutathione, the
thiol group causes a nucleophyl attack to the dopaquinone and cystei-
nyldopa or glutathionyldopa are formed. Cysteinlydopa and glutathio-
nyldopa are the precursors of the reddish pheomelanins [26].
Eumelanins and pheomelanins polymerize via enzymatic and non-
enzymatic crosslinking reactions to form mixed melanins [27,28].

The occurrence of the above mentioned reactions in fruits and
vegetables or in skin is responsible of food browning or of hyperpig-
mentation in human skin. Because such reactions are not desirable,
food and cosmetic industries are constantly interested in novel tyros-
inase inhibitors to be used as antibrowning agents of foods and as
skin whiteners [17]. Currently, sulfite is the most commonly applied
inhibitor in the discoloration process, while arbutin and aloesin, iso-
lated from plants, are the tyrosinase inhibitors used in the cosmetic
industry [29]. A number of tyrosinase inhibitors from both natural
and synthetic sources have been identified [17,26,30,31]. The effect
of many potential tyrosinase inhibitors has been examined directly
monitoring the tyrosinase-catalyzed oxidation of tyrosine or L-DOPA
[17]. Differently, other compounds have been classified as tyrosinase
inhibitors because they interfere in the further non-enzymatic reac-
tions involved in the melanin formation; however, the direct interac-
tion of those compounds with tyrosinase has not been elucidated
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[17]. Rescigno et al. [31] divided tyrosinase inhibitors in two groups:
copper chelators and substrate analogs. Copper chelators compete
with the oxygen at the binding site while substrate analogs compete
with the monophenolic or diphenolic substrate of the enzyme. Tropo-
lone, cyanide, azide and halide ions are copper chelators; resorcinol,
benzoic acid, and naphthalene are examples of substrate analogs.
More recently Chang [17] divided true tyrosinase inhibitors as specif-
ic tyrosinase inactivators and specific tyrosinase inhibitors. Specific
tyrosinase inactivators are also called suicide substrates; they can
bind covalently to tyrosinase and irreversibly inactivate the enzyme.
On the contrary, specific tyrosinase inhibitors reversibly bind to ty-
rosinase and reduce its catalytic capacity [17].

Tyrosinase activity can also be beneficial for instance to improve
the sensory properties of some products, such as dark raisins and fer-
mented tea leaves. In particular, fungal tyrosinases can form covalent
bonds between peptides, proteins and carbohydrates, thus these en-
zymes have been studied as crosslinking agents in food and non-
food applications [32-35]. Tyrosinases have been proposed for struc-
ture engineering of meat-derived food products, as well for baking
applications [36,37]. Tailoring polymers, e.g., grafting of silk proteins
onto chitosan via tyrosinase reactions has also been reported [33,38].

The fungal tyrosinases characterized so far are typically intracellu-
lar enzymes and the first extracellular fungal tyrosinase has been
characterized from the filamentous fungus Trichoderma reesei [39].
This tyrosinase showed distinctive characteristics in terms of
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substrate specificity and food protein crosslinking ability as compared
to tyrosinases from fungal and plant origins [40]. In our previous
work we compared the substrate specificity of T. reesei (TrT) and A.
bisporus (AbT) tyrosinases utilizing different small monophenols
and diphenols as substrates. The presence of an amine group in the
substrate, e.g., L-DOPA, was suggested to hinder the oxidation in the
TrT-catalyzed reactions; differently, substrates with a carboxyl
group were observed not to be effectively oxidized by AbT [41]. In
this work the aim was to study the product inhibition of TrT and
the inhibition mechanism of potential inhibitors of TrT.

2. Material and methods
2.1. Enzymes

T. reesei tyrosinase (TrT) was produced and purified as described
by Selinheimo et al. [39]. A. bisporus tyrosinase (AbT) was obtained
from Fluka; a stock solution of AbT (5 mgmL~') was prepared in
0.1 M sodium phosphate buffer, pH 7.0.

2.2. Chemicals

L-tyrosine, L-DOPA, arbutin, and p-coumaric acid were from
Sigma; caffeic acid, catechol, and benzaldehyde were from Fluka;
phenol, sodium azide, potassium cyanide, kojic acid, and benzoic
acid were from Merck.

2.3. Enzyme activity assays

Tyrosinase activity was measured using 15 mM L-DOPA as a sub-
strate. Activity assays were performed in 0.1 M sodium phosphate buff-
er pH 7.0 at 25°C either by monitoring dopachrome formation at
475 M (Edopachrome=3400M~'cm™"') or by measuring the con-
sumption of the co-substrate oxygen, with a single channel fiber-optic
oxygen meter for mini-sensors (Precision sensing GmbH, Regensburg,
Germany) as described by Selinheimo et al. [41].

2.4. UV-visible spectroscopy measurements

Formation of the absorption product spectra from the oxidation of
diphenolic substrates, i.e., caffeic acid, L-DOPA and catechol, by tyros-
inases was monitored spectrophotometrically at 300-600 nm at peri-
odic intervals of 0.5 min during the first 10 min of the reaction, and
afterwards at periodic intervals of 10 min. A fresh solution of diphe-
nolic substrate was prepared in sodium phosphate buffer pH 7.0
and the reaction was started by addition of tyrosinase. Solutions of
the diphenolic substrate and sodium azide were separately prepared
in sodium phosphate buffer pH 7.0. The reaction mixture containing
the diphenolic substrate (15 mM) and sodium azide (10 mM) was
freshly prepared before starting the reaction by adding the tyrosinase.

2.5. Mass spectrometry

A 4.7-T Bruker APEX-Qe Fourier transform ion cyclotron reso-
nance (FT-ICR) mass spectrometer (Bruker Daltonics, Billerica, MA,
USA) described by Jdnis et al. [42] was used. Negative ions were pro-
duced in an Apollo-II electrospray ion (ESI) source and externally ac-
cumulated for 1-2 s in a hexapole collision cell before transferred to
the Infinity ICR cell for trapping, excitation and detection. For infrared
multiphoton dissociation (IRMPD) experiments, ions of interest were
further isolated by mass-selective quadrupole. The isolated precursor
ions were irradiated with IR-photons from a Synrad 48-Series 40-W,
10.6-um cw-CO, laser (Synrad, Mulkiteo, WA, USA). The focused
laser beam was directed to the ICR cell through a BaF window, located
near the rear trapping plate electrode. Duration of laser irradiation
was 100 ms and 250 ms, for L-DOPA and dopachrome, respectively;

the laser power was set to 90% of the maximal laser power. For each
spectrum, one to four co-added 128-kWord time-domain transients
(sweep width 833 kHz, acquisition time 0.079 s per transient) were
recorded and zero-filled once prior to Gaussian apodization, magni-
tude calculation and Fast Fourier transformation. Bruker XMASS soft-
ware (version 6.0.2) was used for data acquisition and processing.
Kinetic analyses of L-DOPA to dopachrome conversion by tyrosinases
were performed in Eppendorf tubes using 1 mM L-DOPA in ammoni-
um acetate pH 7.0 at 25 °C. The reaction was started by addition of ty-
rosinase (3.6 nkat mL ™! reaction) and the sample was injected into
the mass spectrometer at determined time intervals for a total time
of 20 min. The relative ion intensities were directly converted to the
respective solution concentrations given the virtually same ion trans-
mission and ionization efficiencies for L-DOPA (m/z 196) and dopa-
chrome (m/z 192).

2.6. Inhibition of T. reesei tyrosinase by dopachrome

Since dopachrome was not commercially available, we produced
dopachrome enzymatically using L-DOPA as substrate and AbT as en-
zyme. Two milligrams of AbT preparation was added to 2.5 mL of
5 mM L-DOPA dissolved in sodium acetate buffer, pH 5.6. The reaction
was vigorously mixed in a small baker for 30 min at 25 °C, after which
the enzyme was removed by ultracentrifugation (Vivaspin tubes,
5000 Da cut-off). The concentration of dopachrome in the obtained
solution was calculated from the intensity of absorbance at 475 nm
using the extinction coefficient €qopachrome =3400 M~ ' cm™". The
stability of dopachrome produced by AbT was monitored by the po-
larography. Reaction mixtures of L-DOPA (8 mM) and dopachrome
(from 0 to 1.5 mM) were prepared. Activity of TrT was measured on
L-DOPA in the presence of different concentrations of freshly pre-
pared dopachrome by following the consumption of the co-
substrate oxygen in the time interval of 1-3 min after addition of
TrT (0.9 nkat mL ™! of reaction mixture).

2.7. Determination of K; parameters

Fresh solutions of the inhibitors (0-60 mM) and substrates
(0.1-15 mM) were prepared in 0.1 M sodium phosphate buffer pH
7.0, and the reaction was started by an addition of the enzyme. En-
zyme dosages were 6 pgmL ™! and 3 g mL~! of reaction mixture
for the monophenolic substrate (p-coumaric acid) and the diphenolic
substrate (caffeic acid), respectively. The initial rate of product forma-
tion from the reaction mixture was determined at 25 °C as the in-
crease of absorbance at wavelength 360 nm and 480 nm per min for
p-coumaric acid and caffeic acid, respectively. The type of inhibition
and the K; parameters for each inhibitor were determined plotting
the data to the Lineweaver-Burk and Dixon plots. Furthermore, the
Cornish plot was used to determine the K’ parameter.

3. Results

3.1. Oxidation of diphenolic substrates by T. reesei and A. bisporus
tyrosinases

UV-visible spectroscopy was used to monitor the product forma-
tion and polarography was used to measure the consumption of the
co-substrate oxygen in the T. reesei and A. bisporus tyrosinase-
catalyzed oxidation of caffeic acid and L-DOPA. When caffeic acid
was used as a substrate, the products were similar between the
two tyrosinases, according to their product spectra showing a maxi-
mum of absorbance at 480 nm. In addition, in these experimental
conditions both enzymes were capable of consuming all oxygen pre-
sent in the reaction mixture within 10 min (Fig. 2A and B). When L-
DOPA was used as a substrate, the product spectra of both enzymes
showed a maximum absorbance at 475 nm, but the intensities of
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Fig. 2. Absorption product spectra from the oxidation of caffeic acid (15 mM) by Trichoderma reesei (TrT) tyrosinase (A) and Agaricus bisporus (AbT) tyrosinase (B) and absorption
product spectra from the oxidation of L-DOPA (15 mM) by TrT (C) and AbT (D). Oxygen consumption for each reaction is reported in the inset.

the Ag75 nm Were different. In the TrT-catalyzed reaction the maxi-
mum intensity of Ag75,.,n Wwas recorded after 5 min
(A475 nm = 0.13 units), after which the absorbance at 475 nm did
not increase any more. Also the oxygen consumption measurement
indicated that after the first 5 min the oxygen consumption rate
was retarded, and after 20 min most of the oxygen was still not con-
sumed (Fig. 2C). In the AbT-catalyzed reaction the maximum absor-
bance at 475 nm was recorded after 15 min (A475 nmm = 0.57 units)
and all the oxygen in the reaction mixture was consumed within
20 min of reaction (Fig. 2D).

3.2. ESI-FT-ICR detection of the end products formed in T. reesei and A.
bisporus tyrosinase-catalyzed oxidation of L-DOPA

The reaction end products of L-DOPA oxidation by the tyrosinases
were analyzed with ESI-FT-ICR mass spectrometry. The reactions
were performed in 10 mM ammonium acetate using 1 mM L-DOPA
as a substrate. Alternatively, reactions were performed in 20 mM so-
dium phosphate, pH 7.0 or pure water with qualitative similar results
(data not shown). Without enzyme, L-DOPA (197 Da) gave an intense
peak at m/z 196, corresponding to the [M —H] ™ ion. In the presence
of TrT, the signal for L-DOPA (m/z 196) decreased by approximately
10% within the first 2000 s of reaction while a new peak at m/z 192
was observed (spectra not presented), suggesting a formation of
dopachrome (193 Da). The ions at m/z 192 and at m/z 196 did not
change in intensity at prolonged reaction time. No other ions were
detected. In the presence of AbT, the signal for L-DOPA (m/z 196) de-
creased over time while a new peak at m/z 192 was observed
(Fig. 3A), suggesting a formation of dopachrome (193 Da). The ion
at m/z 192 was the only ion detected at prolonged reaction times.
Fig. 3B and C shows the reaction progress for L-DOPA oxidation by
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TrT and AbT, respectively, as determined with mass spectrometry.
In the case of TrT the production of dopachrome clearly plateaued
after a few minutes of reaction time and the reaction did not go to
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Fig. 3. Negative mode ESI FT-ICR mass spectra from the oxidation of L-DOPA (m/z 196)
to dopachrome (m/z 192) by Agaricus bisporus tyrosinase (AbT) at various time points
(A). A plot of the respective ion intensities versus reaction time for Trichoderma reesei
tyrosinase (TrT) (B) and AbT (C); the y-axis is converted to the solution concentrations
(see Materials and methods for details) and solid lines are the best fits for the first
order exponential.
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completion, suggesting that the reaction was inhibited by the end
product. Instead, complete conversion of 1 mM L-DOPA to 1 mM
dopachrome occurred within 20 min of AbT-catalyzed reaction, fol-
lowing a pseudo first-order kinetics (i.e, [L-DOPA]<Ky)
(Fig. 3C).The two ions at m/z 196 and m/z 192 were further subjected
to fragmentation analysis by IRMPD (Fig. 4). IRMPD spectrum of the
deprotonated L-DOPA (m/z 196) showed three fragment ions, consis-
tent with the losses of NH3 (m/z 179), CO, (m/z 152) or both (m/z
135) (Fig. 4B).The IRMPD spectrum of the reaction product (m/z
192), showed four fragment ions, accounting for eliminations of
H,0 (m/z 174), H,CO (m/z 162) or CO, (m/z 148) followed by elimi-
nation of CO (m/z 120) (Fig. 4D). Decarboxylation (loss of CO,) is
highly characteristic for carboxylate group, while the losses of H,0,
H,CO and CO are typical for quinone structures. This confirms the
product to be dopachrome for both TrT and AbT-catalyzed oxidation
of L-DOPA.

3.3. Product inhibition of T. reesei tyrosinase

The product inhibition was analyzed by monitoring the TrT-
catalyzed oxidation of L-DOPA in the presence of dopachrome. Dopa-
chrome was prepared oxidizing 5 mM L-DOPA in 0.2 M acetate buffer
pH 5.6 by AbT. In these conditions, the conversion yield of dopa-
chrome production was 70%. Dopachrome was detected to be stable
in this buffer solution for at least 1.5 h when stored in dark and on
ice. Reaction mixtures containing 8 mM L-DOPA and different dopa-
chrome concentrations (0; 0.25; 0.75 and 1.5 mM) were used to cal-
culate the degree of inhibition. The oxygen consumption rate of TrT
on 8 mM L-DOPA in the presence of 1.5 mM dopachrome was clearly
reduced, and TrT activity was inhibited by 54% (Table 1).

3.4. Determination of the type of inhibition and K; constants of the
selected inhibitors for T. reesei tyrosinase

The inhibition of TrT was further analyzed with known tyrosinase
inhibitors. Six selected inhibitors were used to determine the thermo-
dynamic constants (K;) for TrT using p-coumaric acid as a
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Fig. 4. Negative mode ESI FT-ICR mass spectra of the substrate L-DOPA (1 mM) without
tyrosinase (A) and the reaction product dopachrome (C) obtained after 20 min of reac-
tion with Agaricus bisporus (AbT) tyrosinase. Infrared multiple-photon dissociation

(IRMPD) spectra of L-DOPA (B) and dopachrome (D). lons marked with an asterisk
correspond to the known instrument noise peaks.

Table 1

Degree of inhibition of Trichoderma reesei tyrosinase (TrT) by dopachrome on L-DOPA
(8 mM). Reaction mixture was prepared in 0.2 M sodium acetate buffer pH 5.6 and an-
alyzed by oxygen consumption measurement.

Dopachrome Oxygen consumption rate Inhibition
(mM) (ugL™'min~") (%)
0 182+35 0
0.25 179+2.7 2
0.75 120+1.0 34
15 84+17 54

monophenolic substrate and caffeic acid as a diphenolic substrate
(Table 2). Potassium cyanide was the strongest inhibitor
(K;=0.14 mM) of the TrT-monophenolase activity. Sodium azide,
benzaldehyde and arbutin were also strong inhibitors with K; values
of 0.97 mM, 1.95 mM and 6.66 mM, respectively. In the tested condi-
tions, benzoic acid and kojic acid did not have an inhibitory effect on
the monophenolase activity of TrT. However, kojic acid had a strong
influence on the duration of the lag time (i.e., a timeframe prior to
the oxidation reactions of monophenolic substrates); in the presence
of 0.1 mM kojic acid the lag time was six folds longer than in the con-
dition without the inhibitor (400-450 s). The lag time in the oxida-
tion of p-coumaric acid by TrT was differently affected by the tested
inhibitors. While kojic acid, sodium azide and arbutin prolonged the
lag time, potassium cyanide reduced the lag time, and benzaldehyde
did not have an effect on the lag time in the TrT-catalyzed oxidation
of p-coumaric acid.

Kojic acid was the strongest inhibitor (K; =0.01 mM) and the only
competitive inhibitor of the TrT-diphenolase activity. Both potassium
cyanide and sodium azide showed mixed noncompetitive type of in-
hibition when caffeic acid was used as a substrate. Potassium cyanide
(K;=0.16 mM) was a stronger inhibitor than sodium azide
(Ki=0.96 mM) of the TrT-diphenolase activity. Arbutin was detected
to be an uncompetitive inhibitor of the TrT-diphenolase activity, thus
the Ky’ value was calculated (Ki’ = 15.31 mM) instead of the K; value,
according to Cornish-Bowden [43]. In the tested conditions, benzalde-
hyde and benzoic acid did not inhibit the diphenolase activity of TrT.

Table 2

Kinetic constants (K;) and types of inhibition of selected inhibitors towards the mono-
phenolase (p-coumaric acid) and the diphenolase (caffeic acid) activities of Tricho-
derma reesei tyrosinase (TrT).

Inhibitor Type of inhibition towards p-coumaric  K; Lag time
acid (mM)  (s)*
Potassium Mixed noncompetitive 0.14+ 0-50
cyanide 0.09
Sodium azide Noncompetitive 0974+  2200-2250
0.08
Arbutin® Competitive 6.664+ 1200-1250
0.32
Kojic acid No effect n.d. 2450-2500
Benzaldehyde Competitive 195+ 400-450
0.20
Benzoic acid No effect n.d. 400-450
Inhibitor Type of inhibition towards caffeic acid Ki (mM)
Potassium cyanide Mixed noncompetitive 0.16+0.01
Sodium azide Mixed noncompetitive 0.96 +0.03
Arbutin ® Uncompetitive 1531+ 1.68
Kojic acid Competitive 0.01+0.00
Benzaldehyde No effect n.d.
Benzoic acid No effect nd.

Notes:
n.d.: not determined.

@ Lag time was measured on 15 mM p-coumaric acid concentration with the highest
inhibitor concentration tested.

b Reported values for arbutin are K; and K;’ for p-coumaric acid and caffeic acid,
respectively.
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3.5. Effect of sodium azide on the T. reesei and A. bisporus tyrosinases-
catalyzed oxidation of L-DOPA and catechol

Spectrophotometry and polarography were used to analyze the ef-
fect of sodium azide (10 mM) on the TrT- and AbT-catalyzed oxidation
of the diphenolic substrates L-DOPA and catechol (15 mM) (Fig. 5). The
absorption spectrum of product formed during the TrT-catalyzed oxida-
tion of L-DOPA (15 mM) could be divided in three phases: phase la
(0-5 min) where the oxidation rate of L-DOPA was linear as followed
at 475 nm; phase Ib (5-30 min) where the oxidation rate of L-DOPA
started to decrease; and phase I (30-120 min) where an increase in ab-
sorbance at wavelengths 300-600 nm was observed (Fig. 5A). When
the corresponding reaction was analyzed by monitoring the consump-
tion of the co-substrate oxygen, the oxygen consumption rate within
the first 5 min was 5.4 ug L' s~ . After the first 5 min of reaction the
oxygen consumption rate was clearly decreased, and all the oxygen pre-
sent in the reaction mixture was consumed after 4 h of reaction (data
not shown). The absorption spectrum of AbT-catalyzed oxidation of L-
DOPA could also be divided in three phases, but the length of phases
la and Ib was different as compared to the TrT-catalyzed reaction
(Fig. 5B). As analyzed by monitoring oxygen consumption, the oxygen
consumption rate within the first 5 min was 7.6 pg L~ ! s~ !, and it did
not change significantly after the first 5 min of reaction. After 20 min
the concentration of oxygen in the reaction mixture was only
0.4mg L~ (Fig. 5B), whereas in the corresponding TrT-catalyzed oxi-
dation of L-DOPA without sodium azide the concentration of oxygen
in the reaction mixture after 20 min was still 5.5 mg L~ ! (Fig. 5A).

When 10 mM sodium azide was added into the reaction mixture of
L-DOPA with TrT, the accumulation of the reaction product at 475 nm
(dopachrome) continued also during the time interval of 5-30 min,
and the three phases detected with the TrT-catalyzed oxidation of L-
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DOPA only were not observed (Fig. 5C). Furthermore, in the presence
of sodium azide the oxygen consumption rate calculated on the first
5 min of TrT-catalyzed oxidation of L-DOPA was halved, but all the ox-
ygen present in the reaction mixture was consumed within 2h
(Fig. 5C). After 20 min of TrT-catalyzed oxidation of L-DOPA with sodi-
um azide, the concentration of oxygen in the reaction mixture was
49 mgL~ . Similar to the TrT-catalyzed reaction, in the AbT-catalyzed
oxidation of L-DOPA with 10 mM sodium azide the accumulation of
the reaction product at 475 nm continued also during the time interval
15-30 min (Fig. 5D). As for TrT, the oxygen consumption rate calculated
on the first 5 min of AbT-catalyzed oxidation of L-DOPA with sodium
azide was halved, and the time needed for the consumption of all oxy-
gen in the reaction mixture was doubled (Fig. 5D). After 20 min of
AbT-catalyzed oxidation of L-DOPA with sodium azide, the concentra-
tion of oxygen in the reaction mixture was 2.9 mg L™ ".

When catechol (15 mM) was used as a substrate, the products
formed by TrT- and AbT-catalyzed reaction were different, as we al-
ready reported in our previous study [41]. The o-benzoquinone
(400 nm) produced by AbT-catalyzed oxidation of catechol was not
clearly observed in the TrT-catalyzed oxidation of the same substrate
(Fig. 6A and B). As for L-DOPA, the oxygen consumption rate was high
(8.9 ug L~ s~ ') in the first 5 min of reaction, and it clearly decreased
after that. Again, the oxygen consumption rate calculated on the first
5 min of TrT-catalyzed oxidation of catechol with sodium azide was
halved (Fig. 6A and C). Similar to L-DOPA oxidation, the consumption
of all the oxygen present in the reaction by TrT occurred earlier when
sodium azide was added in the reaction mixture with catechol (data
not shown). The absorption spectrum of products formed by TrT-
catalyzed oxidation of catechol with sodium azide showed a clear
maximum at 500 nm (Fig. 6C). Different from TrT, AbT was capable
to use all the oxygen in the reaction mixture within 5min when
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Fig. 5. Absorption product spectra from the oxidation of L-DOPA (15 mM) by Trichoderma reesei (TrT) tyrosinase (A) and Agaricus bisporus (AbT) tyrosinase (B), and absorption
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mixture. Oxygen consumption for each reaction is reported in the inset.
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Fig. 6. Absorption product spectra from the oxidation of catechol (15 mM) by Trichoderma reesei (TrT) tyrosinase (A) and Agaricus bisporus (AbT) tyrosinase (B), and absorption
product spectra from the oxidation of catechol (15 mM) in the presence of sodium azide (10 mM) by TrT (C) and AbT (D). Tyrosinase was added as 1 nkat mL~ ' of reaction mixture.

Oxygen consumption for each reaction is reported in the inset.

oxidizing catechol (without sodium azide). In the presence of sodium
azide the oxygen consumption rate of AbT-catalyzed oxidation of cat-
echol was reduced only by 10%, but the absorption spectrum of prod-
ucts formed was strongly affected. A clear and fast shift of the
maximum absorbance from 400 nm to 500 nm was observed already
in the first 5 min of AbT-catalyzed reaction. Furthermore, in the AbT-
catalyzed oxidation of catechol with sodium azide a maximum at
330 nm was observed after 30 min of reaction (Fig. 6D).

4. Discussion

Detailed information on the reaction mechanism and the inhibi-
tion mechanism of tyrosinases is fundamental when developing ap-
plications for tyrosinases. The intracellular tyrosinase from Agaricus
bisporus (AbT) has been extensively studied both from biochemical
and structural points of view [1,15,44-47]. Also applications for tyros-
inases have been proposed, e.g., in tailoring silk fibroin and special
peptides [33,38]. Recently Selinheimo et al. [39] reported on an extra-
cellular tyrosinase produced by the ascomycete Trichoderma reesei
(TrT). We have homologously overexpressed this enzyme in high
yields, thus, enabling characterization and testing the enzyme in ap-
plications. In particular, the enzyme has been shown to have good
abilities to crosslink food protein matrices [36,37]. Furthermore, dif-
ferences in substrate specificity between TrT and AbT have been
reported by Selinheimo et al. [41]. TrT has higher affinity (Ky) on caf-
feic acid than AbT and it can also catalyze the oxidation of the corre-
sponding monophenol p-coumaric acid to o-quinone corresponding
to caffeic acid whereas p-coumaric acid cannot be oxidized by AbT,
in fact it has been suggested as an inhibitor for AbT [41,48]. On the
contrary, TrT has lower affinity on L-DOPA than AbT [41]. We ob-
served in this work a fast decrease in the reaction rate of TrT-

catalyzed oxidation of L-DOPA and catechol, as analyzed both by
UV-visible spectroscopy and oxygen consumption measurements.
Cooksey et al. [49] reported the reaction kinetics of AbT on L-DOPA
and they divided the reactions in three phases: in phase la dopaqui-
none is produced by AbT, in phase Ib dopaquinone is rapidly con-
verted to dopachrome via a spontaneous reductive cyclization, and
in phase II the tautomerization of dopachrome to 5,6-dihydroxyin-
dole-2-carboxylic acid (DHICA) takes place. The phases Ia and Ib rep-
resent the proximal phase of melanogenesis where dopachrome is
the reaction end product; and phase II represents the distal phase of
melanogenesis where the chemical and enzymatic reactions leading
to eumelanins occur [26,49]. In our experiment conditions the proxi-
mal phase in AbT-catalyzed reaction had duration of 15 min (as also
reported by Cooksey et al. [49]), while with TrT the proximal phase
lasted only for 5 min, and the total amount of formed dopachrome
remained low. In the distal phase of both the TrT- and AbT-
catalyzed reactions the concentration of dopachrome decreased
and new undefined products absorbing at 300-600 nm were ob-
served. Furthermore, the oxygen consumption rate in TrT-
catalyzed oxidation of L-DOPA clearly decreased in the distal
phase (i.e. 5-120 min for TrT) despite the co-substrate oxygen
was still available in the reaction mixture, thus suggesting product
inhibition. On the contrary, in the AbT-catalyzed oxidation of L-
DOPA the oxygen available in the reaction mixture was totally con-
sumed during the proximal phase (i.e. 0-15 min) and the product
dopachrome was linearly produced. The AbT-catalyzed oxidation
of L-DOPA could not proceed in the distal phase (i.e. 15-120 min)
since there was no oxygen available in the reaction mixture. Be-
cause with TrT the proximal phase was very short the reactions of
the distal phase of melanogenesis occurred earlier than in AbT-
catalyzed reactions.
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The formation of end product dopachrome in L-DOPA oxidation
was confirmed by high-resolution mass spectrometry measurements
(ESI-FT-ICR) and no other end products were detected in the proxi-
mal and distal phases of reaction. In these conditions (i.e. 1 mM L-
DOPA) a fast decrease in the TrT-catalyzed oxidation rate of L-DOPA
to dopachrome was also observed, while the AbT-catalyzed oxidation
of L-DOPA to dopachrome occurred linearly within 20 min, in accor-
dance to what observed by oxygen consumption and UV-visible spec-
troscopy measurements. To analyze the suggested product inhibition,
dopachrome was produced by AbT-catalyzed oxidation of L-DOPA in
acidic conditions (sodium acetate buffer pH 5.6) to assure stability
of dopachrome [50]. The inhibitory effect of dopachrome on TrT was
clear; the 1.5 mM dopachrome concentration was enough to reduce
by 50% the rate of L-DOPA oxidation in the reaction conditions. Inhi-
bition by dopachrome was reversible since the TrT activity was recov-
ered after removal of dopachrome from the reaction mixture using
gel filtration (data not shown). Although the substrate inhibition
and the inhibition by various inhibitors of tyrosinase have been wide-
ly studied, no studies have earlier reported about end product inhibi-
tion [51,52]. Similar to L-DOPA, the oxygen consumption rate of a TrT-
catalyzed oxidation of catechol clearly decreased after the first 5 min
of reaction, suggesting also the end product inhibition. Furthermore,
several products (300-600 nm) were formed and the known tyrosi-
nase reaction product o-benzoquinone (400 nm) was not accumulat-
ed during the TrT-catalyzed oxidation of catechol. On the contrary,
with the AbT-catalyzed oxidation of catechol, the oxygen consump-
tion rate was linear and the product o-benzoquinone (400 nm) clear-
ly accumulated in the first 5 min of the reaction.

Inhibition of AbT by various inhibitors, i.e., kojic acid, arbutin, benz-
aldehyde, benzoic acid, potassium cyanide, and sodium azide is thor-
oughly reported [53-59]. In this work, the various known tyrosinase
inhibitors, and the inhibition mechanism for TtT were analyzed using
p-coumaric acid and caffeic acid as monophenolic and diphenolic sub-
strates. Kojic acid was found to be a strong inhibitor of diphenolase,
but did not inhibit the monophenolase activity of TrT although pro-
longed the lag period. Chen et al. [53] reported on the inhibition mech-
anism of kojic acid, and recently also the three-dimensional structure of
the tyrosinase from Bacillus megaterium in complex with kojic acid has
been reported [60]. Kojic acid is oriented with the hydroxymethyl to-
wards the CuB in the active site of met-tyrosinase, different from the
suggested bidentate fashion binding to both the CuA and CuB through
its hydroxyl and o-positioned carbonyl groups [60]. According to Sen-
dovski et al. [60], monophenols bind to CuA of tyrosinase, instead
diphenols bind to CuB. Our results are in accordance with this mecha-
nism: it would be possible to explain the effect of kojic acid towards
TrT, assuming that p-coumaric acid (monophenol) binds to the CuA
while caffeic acid (diphenol) binds to the CuB in the active site of TrT.
Caffeic acid (diphenol) and kojic acid competed in binding to CuB, and
a clear competitive inhibition was observed. Differently, in the mono-
phenolase cycle, p-coumaric acid binds to the CuA while kojic acid
binds to the CuB and no clear inhibition was observed. The lag time of
TrT was, however, strongly prolonged by kojic acid; most probably the
binding of substrate is more difficult when the complex tyrosinase-
kojic acid is present.

Arbutin is a hydroquinone glycoside of plant origin used in cos-
metic industry as skin-whitening agent. Nihei and Kubo [61] sug-
gested that arbutin covalently binds to the met-form of tyrosinase
as a monophenol substrate analog and leads the enzyme to a dead-
end pathway [62]. In our experimental conditions arbutin was a com-
petitive inhibitor of the TrT monophenolase activity and prolonged
the lag time, probably leading TrT towards the dead-end pathway.
In the case of the TrT diphenolase activity, arbutin was an uncompet-
itive inhibitor, while it has been reported that it is a noncompetitive
or mixed noncompetitive inhibitor of AbT [56]. Uncompetitive inhib-
itors can bind only the enzyme-substrate complex [17], thus the K;
value cannot be determined; instead, the K;’ value can be calculated
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from the Cornish plot, where the K;’ value is the dissociation constant
of the enzyme-substrate-inhibitor complex [43]. The high K; and K}’
values of arbutin determined for TrT indicated that arbutin was not
a strong inhibitor of TrT, and suggested that the caffeic acid-TrT com-
plex must be formed before the binding of arbutin.

Benzaldehyde and benzoic acid were selected for the inhibition
studies of TrT, since they are well known tyrosinase inhibitors
[57,58]. In our experimental conditions, benzaldehyde efficiently
inhibited only the oxidation of p-coumaric acid by TrT with a compet-
itive mechanism similar to arbutin. Benzaldehyde was a stronger in-
hibitor than arbutin to the monophenolase activity of TrT; however,
different from arbutin benzaldehyde did not affect the lag time,
which is in accordance with previous studies where it has been
reported that unsaturated aldehydes do not affect the lag time of
ADT [48,63]. Benzoic acid did not strongly inhibit the TrT-catalyzed
oxidation of caffeic acid or p-coumaric acid, while it has been
reported that benzoic acid is a strong competitive inhibitor
(Ki=18 uM) of AbT monophenolase activity [58]. Nevertheless,
when we analyzed spectrophotometrically the inhibitory effect of
benzoic acid (10 mM) on the TrT-catalyzed oxidation of phenol and
L-tyrosine as monophenolic substrates (10 mM), the reaction rate
was inhibited by 52% and 34% for phenol and L-tyrosine, respectively.
The TrT-catalyzed oxidation of the corresponding diphenolic sub-
strates (10 mM), i.e., catechol and L-DOPA was also inhibited in the
presence of 10 mM benzoic acid by 31% and 55% for catechol and L-
DOPA, respectively (data not shown).

The type of inhibition of small chemicals used as copper chelators
such as potassium cyanide and sodium azide has been extensively
studied with respect to AbT and tyrosinase from N. crassa [59,64].
Wilcox et al. [59] proposed that potassium cyanide binds the reduced
form of tyrosinase (deoxy-form) and stabilizes it, thus functioning as a
competitive inhibitor of tyrosinase with respect to oxygen binding to
the deoxy-form and as a noncompetitive inhibitor to respect of L-
DOPA oxidation. Accordingly, in our experimental conditions the K;
values of potassium cyanide for TrT-catalyzed oxidation of p-
coumaric acid and caffeic acid were in the same order of magnitude,
suggesting that potassium cyanide competes with oxygen in binding
the deoxy-form of TrT that is involved in both monophenolase and
diphenolase catalytic cycles. TrT and AbT showed distinctive charac-
teristics also when the reactions catalyzed by the enzymes were stud-
ied in the presence of sodium azide. It has been reported that sodium
azide binds the deoxy-form of tyrosinase, but also to the oxidized
forms (met- and oxy-forms) displacing the peroxide from the oxy-
form of tyrosinase. Furthermore, Wilcox et al. [59] proposed that so-
dium azide can bind also to the met-form in complex with the diphe-
nol. The diphenol can further dissociate from this complex and
subsequently molecular oxygen can bind to it; eventually sodium
azide can dissociate and the oxy-form of tyrosinase is generated. Alto-
gether the type of inhibition of sodium azide has been explained as
noncompetitive towards AbT for the oxidation of L-tyrosine and L-
DOPA. Similarly, we found that TrT is inhibited by sodium azide
with a noncompetitive and a mixed noncompetitive type of inhibition
for the monophenolic and diphenolic substrates, respectively.

Effect of sodium azide on the tyrosinases was also studied by mon-
itoring the UV-visible spectrum of product accumulation during en-
zymatic oxidation of L-DOPA and catechol as diphenolic substrates.
In our experimental conditions (i.e. 15 mM L-DOPA or catechol and
10 mM sodium azide), sodium azide clearly slowed down the initial
reaction rate of TrT- and AbT-catalyzed oxidation of L-DOPA as well
of catechol, but it also had an effect on the reaction end products. Pre-
viously Sugumaran [65] used UV-visible spectroscopy and HPLC to
study the effect of sodium azide (20 mM) on the AbT-catalyzed oxi-
dation of catechol (1 mM) and the end product (o-benzoquinone),
and reported on an azido-benzoquinone adduct detected at 330 nm.
In our study, the formation of the azido-benzoquinone adduct was
not detected in the TrT-catalyzed oxidation of 15 mM catechol in
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the presence of sodium azide (10 mM), probably because the produc-
tion of o-benzoquinone was limited due to end product inhibition. In
the same conditions the azido-benzoquinone adduct was clearly
formed after 2 h of AbT-catalyzed reaction. Furthermore, we observed
a clear maximum at 500 nm in the absorption spectrum of products
formed by TrT- and AbT-catalyzed oxidation of catechol in the pres-
ence of sodium azide. No azido-dopachrome adduct has been
reported in literature; however, the clear maximum at 375 nm ob-
served in the product absorption spectra of TrT- and AbT-catalyzed
oxidation of L-DOPA in the presence of sodium azide suggest that a
dopachrome-adduct was formed. Interestingly, we also found that
the sodium azide affected the detected end product inhibition of TrT
in the reaction mixture of L-DOPA and catechol. The product inhibi-
tion seemed to be diminished when sodium azide was present and
thus the oxygen was consumed to higher degree than without sodi-
um azide. The reason for the result is not clear, but suggests a very
complex inhibition mechanism of sodium azide for tyrosinases.

5. Conclusions

The extracellular fungal tyrosinase TrT was revealed to suffer of end
product inhibition when L-DOPA or catechol were used as a diphenolic
substrate, whereas corresponding inhibition was not observed with the
intracellular fungal tyrosinase AbT. Sodium azide, in addition to retarda-
tion of the initial oxygen consumption rate of the TrT- and AbT-
catalyzed oxidation of L-DOPA or catechol and formation azido-
quinone adducts with the end product, was also found to play so far
an inexplicable role in the detected product inhibition of TrT.

Among the studied potential inhibitors of TrT, potassium cyanide
and kojic acid were the strongest inhibitors for the monophenolase
and diphenolase activities, respectively. Although the detailed inhibi-
tion mechanisms of the selected inhibitors are still poorly understood,
the differences in the type of inhibition could suggest differences in
the reaction mechanism of TrT and AbT. A possible complex crystal
structure in the future, especially between TrT and L-DOPA, could
provide better insights into the inhibitory mechanism of TrT.
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