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ABSTRACT

The work presented in this thesis describes theromece and properties of two multicopper
oxidases derived from lichens. Despite numeroua datlaccases and tyrosinases in fungi and
flowering plants, this is the first report of thecorrence of these enzymes in lichenized
ascomycetes. Extracellular laccase and tyrosinaggta was measured in 50 species of lichens
from different taxonomic groupings and contrasthapitats. Out of 27 species tested from
suborder Peltigerineae, all displayed laccase yodinase activity that correlated to each other,
while activity was absent in species tested fromeotlichen groups. Identification of the
enzymes as laccases and tyrosinases was confilyrtbe lbility of lichen thalli or leachates to
readily metabolize substrates such as 2,2’-azisegkethylbenzthiazoline-6-sulfonate) (ABTS),
syringaldazine and o-tolidine in case of laccasa lawlihydroxyphenylalanine (L-DOPA), L-
tyrosine and epinephrine in case of tyrosinasehim @absence of hydrogen peroxide. The
activities of both enzymes were highly sensitivecyanide and azide, and tyrosinase activity
was sensitive to hexylresorcinol. Laccase actilvdy typical pH and temperature optima and an
absorption spectrum with a peak at 614 nm. Tyresisaould be activated by sodium dodecyl
sulphate (SDS) and had typical tyrosinase molecuksses of approx. 60 kDa. The diversity of
laccase isoforms in 20 lichen species from subofeltigerineae was investigated. The
molecular masses of the active forms of most lssasried between 135 and 190 kDa,
although some lichens within the family Peltigemeehad laccases with higher masses,
typically varying from 200 to over 350 kDa. Mostegjes contained one oligomeric laccase
isoform. Desiccation and wounding stimulated laecagivity, while only wounding stimulated
tyrosinase activity. The ability of laccases toaledze dye is a classic attribute of laccases, and
one with biotechnological potential. The ability efjht lichen species to decolourize different
types of dyes was therefore tested. Interestinglylts showed that not only species belonging
to suborder Peltigerineae but also species frorrdithen group effectively decolourised dyes
after 48 h suggesting that other oxidases appehave ability to decolorize. Hopefully, our

work could contribute to the better knowledge appliaation of lichen multicopper oxidases.
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1.1. Lichens

Lichens are symbiotic organisms composed of a fupaaner, the mycobiont, and one or
more photosynthetic partners, the photobiont thaty nibe either a green algae or a
cyanobacterium (Nash, 1996). Lichens develop ieehdifferent growth forms; the foliose
(leaf-like), fruticose (shrubby or hair-like) andustose (crust-like) (Hale, 1969). The literature
has recognized two types of lichen thalli: in hoomerous lichens the photobiont is evenly
distributed throughout the lichen thallus, e.gCiollemaandLeptogium while in most lichens
the photobiont occurs in a layer close to the serfhat are referred to as heteromerous thalli
(Figure 1.1; Dahl and Krog, 1973).

e B R e
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Figure 1.1.Cross section of the heteromerous liclé¢gctoria sarmentosarhe partnership can
be seen between green algae cells and fungal hyphaealga cells are confined to the
upper half, where they intercept light and carry pliotosynthesis (taken from Johansson,
2011).

Lichens have two very important features. Firdihgy are poikilohydric organisms and become
desiccated relatively rapidly, but after rehydmatzan resume their metabolic activity (Beckett
et al, 2008). Secondly, species from stressed halgtattin high concentration of secondary
metabolites because they have to protect themselgamst the harsh environment and the
resulting attack by pathogens following injury atitese metabolites have antibiotic and

antifungal properties (Lawrey, 1983, 1995; Gietzal, 1994). Lichen biomolecules belong to

two main groups, primary metabolites (mainly ingthdar) and secondary metabolites (mainly
extracellular). Many lichens can accumulate highcemtrations of secondary metabolites such
as usnic acid, pulvinic acid and the aliphatic adi&bsides and depsidones (Huneck and

Yoshimura, 1996). Presumably they have importantabwic functions. Surprisingly, the



members of the widespread gerfesltigera contain these metabolites at low concentrations
(Hawksworth, 1982), but still can resist pathoggack.

1.1.1. Lichen secretomes

It is well known that lichens can secrete extradail proteins such as the ice nucleation
proteins, hydrophobins, arginases, ureases, phtasasa cellulases and redox enzymes. Typical
secreted enzymes are heavily glycosylated (Vetrldl, 1999) therefore the characterization of

these enzymes is more difficult.

The occurrence of ice nucleation activity in lickemas first described by Kieft (1988), and it
was later confirmed that ice nucleation proteins gsponsible for this activity (Kieft and
Ruscetti, 1990). The proteins were investigatethengenerd&hizoplaca Xanthoparmeliaand

Xanthoria Ice nucleation proteins have a location on thegél cell wall and are able to

nucleate the crystallization of ice (Warren and ib¢éo] 1991).

Hydrophobins are secreted fungal proteins (Trembtegl, 2002) and were first characterized
from Schizophyllum commurgy Schuren and Wessels (1990). The proteins weseritbed
from two lichenized ascomyceteXanthoria parietinaand X. ectaneoidegScherreret al,
2000) and from the lichenized basidiocddtyonema glabratum(Trembleyet al, 2002).
Hydrophobins are small proteins (approximately a@fino acids) with eight cysteine residues
(Scherreret al.,, 2002) forming a thin, water-repellent hydrophwlaiyer around the cell walls of
fungal hyphae and the photobionts (Dyer, 2002). ibadet layer presumedly allows apoplastic
transport of water and solutes within the lichen&s¢ten and Wessels, 1997) maintaining the
symbiotic system (Dyer, 2002). Hydrophobins havpadnmant function in fungal water relations

(Trembleyet al, 2002) and fungal development processes (Wed€94g).

Arginase is the last enzyme of the urea cycle, dlydes arginine into urea, and contains
manganese. At least three forms of arginases werglfin the licherevernia prunastriLegaz

et al, 1990), a constitutive, an inducible and a sedrédbrm. The enzymes are fungal proteins
and are mostly glycosylated. Legar al (2004) purified secreted arginases fr&wernia
prunastri and Xanthoria parietinaand found that the enzymes have shown lectin immct
binding to the cell wall of algae. Therefore, aggas may have significant physiological roles
in the relationship between photobiont and mycobiminsymbiotic association (Molina and
Vicente, 2000).



Urease was first isolated and crystallized from jéek bean,Canavalia ensiformisn 1926
(Sumner, 1926). The enzyme catalyses the hydrobfsisea to carbon dioxide and ammonia.
Urease is widely distributed in lichens as an inolecenzyme (Pérez-Urriat al, 1993).
Secretion of urease was described for exampkevirnia prunastri(Vicente and Pérez-Urria,
1989), Mastodia tesselataUsnea aurantiaco-atraRamalina terebrata(Pérez-Urriaet al,
1993) andXanthoria parietina(Millaneset al, 2004) but the physiological role of the secmetio
is still unclear. Millane®t al (2004) confirmed that the location of about 80Btotal urease is

the cell wall.

Phosphatase removes a phosphate group from maeyg bfpmolecules. Several phosphatases
are known but very few have been investigated @helhs. An acid phosphatase was
demonstrated iReltigera rufescenby Brown and Kershaw (1986) while Baner@eal. (2000)

found phosphatase activity in licheniZz&gkbouxia

Cellulases catalyze the hydrolysis of cellulosegi¥aet al (1984) and Yagle and Estévez
(1988) showed that lichekvernia prunastrisynthesizes a secretable cellulase that can be
induced by cellobiose. Later Guerreed al. (1992) investigated four lichen species from
different habitats and found similar results. TharolichenPeltigera canina which lacks
cellulosic cell walls, was found to produce andrserseveral isoforms of cellulase (de los Rios
et al, 1997). These enzymes can decompose decayingmpktarial (Guerreret al, 1992),
degrade external cellulosic substrates (de los &ia$, 1997), breakdown the phycobiont cell

and regulate the phycobiont growth (Yagie and Exté1988).

Redox enzymes catalyse the oxidation or reductiansubstrate. In this study we have focused
mainly on laccases and tyrosinases, the two redpymees that have many important functions.
After the start of the present investigation, Zaws and Zavarzin (2006) reported the
occurrence of surface laccases and tyrosinaséshienks. To some extent, the first part of the
work presented here duplicates this study. Howetlee, work presented in this thesis
considerably extends the preliminary report of Zaivea and Zavarzin (2006) and used different

species.



1.2. Laccase

1.2.1. Introduction

Laccase (benzenediol: oxygen oxidoreductase, E®.32) is a type of copper-
containing polyphenol oxidase, discovered in 1883 Ymshida from the exudates of the
Japanese lacquer tréhus vernicifergdThurston, 1994). A few years later, in 1896, #snalso
demonstrated in fungi by Bertrand (Baldrian, 20Q@@)ccase is one of a small group of enzymes
called blue copper oxidases. Other members ofgifugp are the plant ascorbate oxidases and
the mammalian plasma protein ceruloplasmin (Thuatsf®94). Laccases are found in some
flowering plants and prokaryotes, but mainly in dunThe enzymes reduce dioxygen to two
molecules of water and simultaneously perform deeten oxidation of many aromatic
substrates and generate a free radical (ReinharmnthMalmstrom, 1981). This radical may
undergo a second, non-enzymic reaction and/or naatake in a polymerization reaction
(Thurston, 1994).

Laccases have an important role in lignin biosysihhand degradation and they may produce
signals that function in fungal developmental peses. Their strong capacity to oxidase
aromatic substances means that they have widespmaitations in industry. The ability of
laccases to oxidise phenolic and non-phenolic camgs, their ability to reduce molecular
oxygen to water, their broad applications and t that occurrence and role of laccases are
still uncertain has led to intensive studies ofsthenzymes (Bourbonnais and Paice, 1990;
Thurston, 1994; Xu, 1996; Jolivadt al, 1999).

1.2.2. Occurrence and location

Laccase is the most widely distributed enzyme antbegnulticopper oxidases, as it has
been examined in a wide range of fungi and higheentp (Mayer and Staples, 2002; Baldrian,
2006). Claus and Filip (1997) examined the occueesnd role of the enzyme in prokaryotes
(Bacillus sphaericus but many other studies have been publishedgneszi Endcet al, 2002;
Suzukiet al, 2003; Claus, 2003). In spite of these repottseems to that laccases are not
common enzymes from certain prokaryotic groups dBah, 2006). Bacterial laccase-like

proteins are intracellular or periplasmic protdi@aus, 2003).



The occurrence of laccases in higher plants alpeap to be far more limited than in fungi. All
laccases described to date have been shown toybepgbteins (Mayer and Staples, 2002). In
higher plants, the properties of laccase have beramined in among other#cer
pseudoplatanus(Driouich et al, 1992), Fagus sylvatica(Felby et al, 1997), Populus
euramericangRanochaet al, 1999) and in some gymnosperms suchArasicaria excelsand
Pinus taeda(Bao et al, 1993). Other higher plant species (e.g. vegesbhlso appear to
contain laccases, although their characterizatiotess convincing (Levine, 1965; Dean and
Eriksson, 1994). The enzyme may be bound to cdllsvia some higher plants (Mayer and
Staples, 2002).

Laccases have been isolated from Ascomycetes, Deweetes and Basidiomycetes fungi
(Assavaniget al, 1992). They are probably best known for theicustence in white-rot and
litter decomposing basidiomycete fungi (reviews:gé&mg et al, 1996; Keremet al, 1999;
Guillen et al, 2000; Stefferet al, 2002; Nagagt al, 2003). There are also many records of
laccase production by ascomycetes (e.g. SchererFasaher, 1998; Edenst al, 1999;
Kiiskinen et al, 2002) but the function of this enzymes in this®yi is unclear. Most fungal
laccases are extracellular (Baldrian, 2006) but fepworts indicate that they may occur
intracellularly (e.g. Nagaet al, 2003) or both intra- and extracellularly (exyPhanerochaete
chrysosporium Dittmer et al, 1997). Baldrian (2006) concluded the possiblaneation
between the localization of laccase and its phgsgiohl function: it is possible that the
intracellular laccases can participate in the fiansation of low molecular weight phenolic
compounds. In the cell wall and spores laccaseirded to the possible formation of melanin
and other protective cell wall compounds (Eggeral, 1995; Galhaup and Haltrich, 2001). In
many fungal species the presence of both consttaind inducible laccases has been reported
(Mayer and Staples, 2002). Interestingly, before dtart of this investigation, there were no
reports about the occurrence of laccases in an riaogroup of fungi, the lichenized

ascomycetes.
1.2.3. Structure and reactions of laccase enzyme
Structural properties
Our knowledge of the structure and physico-chenjcaperties of laccases is based on

the study of purified proteins, mostly from woodthtg white-rot basidiomycetes while

laccases from other groups have been studied toca fesser extent. Typical plant laccase has



a molecular weight of approximately 90-110 kDa @&ndround 40% glycosylated while fungal
laccase is a protein of approximately 60-70 kDaait isoelectric point of around pH 4.0 and
is less glycosylated (Table 1.1). Several laccasenzymes have been detected in many fungal
species (Table 1.1) and in general, more than ®riermed in most fungi (Blaich and Esser,

1975). Most fungal laccases are monomeric enzymethbre are many exceptions, however.



Table 1.1.Properties of selected purified laccase and l&cbks enzymes. ABTS as substrate was used tordeterthe optimum pH and temperature
and the K, (modified from Claus, 2003 and Baldrian, 2006).

Species MW  pl Number of Temperature pH Kwm Function Reference
(kDa) isozymes  optimum (°C)  optimum (uM)
Prokaryotes
Azospirillum lipoferum 48.9, 3 30 6.0 34.65 pigmentation, e Diamantidiset al.,
97.8, transport 2000
179.3
Bacillus haloduran<C-125 56 45 7.5-8.0 Glresistance Ruijssenaars and
Hartmans, 2004
Bacillus sphaericus sporulation, Claus and Filip, 1997
pigmentation
Bacillus subtilis(cotA) 65 7.7 1 75 3 106 UV and.B, Martinset al., 2002
resistance
Escherichia coliya) 56 1 55/70 6.5 70.5 ferrooxidase Kim et al, 2001;
(DMP) activity Robertset al., 2002
Oceanobacillus iheyensis 59 sporulation Takaneit al, 2002
(coth)
Pseudomonas putidgumd) 50 Mn oxidation Brouwerst al., 1999
Sinorhizobium meliloti 45 6.2 1 Roscort al, 2005
CE52G
Streptomyces griselspad) 100 1 40 6.5 420 pigmentation, Endoet al, 2002,
morphogenesis 2003
Streptomyces coelicolor 69 6.2 1 9.4 400 Machczynsket al,
(DMP) 2004
Thermus thermophiludB27 53 > 1 92 4.5 900 Miyazaki, 2005

7.18




Species MW  pl Number of Temperature pH Kwm Function Reference
(kDa) isozymes  optimum (°C)  optimum (uM)
Fungus
Basidiomycota
Agaricus bisporus 65, 2 lignin Wood, 1980;
96 degradation Perryet al, 1993
Coprinus cinereus 58 4.0 1 60-70 4.0 26 remove toxic  Schneideet al, 1999
phenolic
compounds
Coriolopsis rigida 66 3.9 1 2.5 12 lignin Saparratt al, 2002
degradation
Daedalea quercina 69 3.0 1 70, 55 2.0 38 decolorize Baldrian, 2004
synthetic dyes
Lentinula edode&ccl 72 3.0 1 40 4.0 108 melanization Nagfadl., 2002
Phellinus ribis 152 1 5.0 207 Miet al, 2001
Pleurotus ostreatuPOXAlw 61 6.7 1 45-65 3.0 90 delignification Pamet al, 1997
Pycnoporus cinnabarinus 81 3.7 1 4.0 lignin Eggertet al,, 1996
(GUA) degradation,
bioremediation
Trametes versicolor 68 1 55 2.5 37 delignification  Rogalskiet al., 1990
bioremediation
Volvariella volvacea 58 3.7 1 45 3.0 30 Chent al, 2004
Ascomycota
Aspergillus nidulans 80 1 55 6.5 pigment synthesis Scherer and Fischer,
(DMP) 1998
Chalara paradoxa 67 1 4.5 770 Roblext al,, 2002
Colletotrichum graminicola 85 1 6.0 214 Anderson and
(SYR) (SYR) Nicholson, 1996
Coniothyrium minitans 74 4.0 1 60 3.5 100 Dahiyaet al,, 1998
(DMP) (DMP)
Gaeumannomyces graminis 190 5.6 1 4.5 26 protection Edenst al, 1999
(DMP) (DMP)




Species MW  pl Number of Temperature pH Kwm Function Reference
(kDa) isozymes  optimum (°C)  optimum (uM)
Magnaporthe grisea 60 1 30 6.0 118 lyer and Chattoo,
(SYR) (SYR) 2003
Mauginiella sp. 63 48- 1 2.4 Palonent al,, 2003
6.4
Melanocarpus albomyces 80 4.0 1 65 3.5 Kiiskineat al., 2002
Neurospora crassa 64 1 Froehner and
Eriksson, 1974
Ophiostoma novo-ulmi 79 5.1 1 2.8 protection againsBinz and
pathogens Canevascini, 1997
Plants
Acer pseudoplatanus 97 1 6.6 4500 lignification Bligny and Douce,
(4-MCC) 1983
Camellia sinesi¢tea) 144 1 5.0 Gregory and Bendall,
(4-MCC) 1966
Liriodendron tulipifera 61 93- 1 lignification LaFayettet al, 1999
9.5
Lolium perennd.AC2-1 62 5.8 1 Gavnhott al, 2002
Nicotiana tabacum 62, 100 2 Kiefer-Meyeet al,
59 1996
Picea sitchensis 48, 120 2 lignification McDougall, 2000
Pinus taeda 90 9.0 1 5.9 12000 lignin Baoet al, 1993
(conife  biosynthesis
ryl
alc.)
Populus euramericana 90, 110 2 26 lignification Ranockaal., 1999
Rhus vernicifera 100 1 25-30 9.0 lignin Shibaet al,, 2000
(coniferyl biosynthesis
alcohol)

ABTS, 2,2'-azinobis(3-ethylbenzothiazoline-6-sulimacid); DMP, 2,6-dimethoxyphenol; SYR, 4-hydra3ys-dimethoxybenzaldehyde [(4-hydroxy-

3,5-dimethoxyphenyl)methylene]hydrazone (syringaitda); GUA, 2-methoxyphenol (guaiacol); 4-MCC, 4thgcatechol.

0T
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Active site

Laccases contain three different subunits where ¢opper ions are coordinated at the
active site of each enzyme molecule. These copper are bound to the interfaces between

subunits (domains, Figure 1.2).

Figure 1.2. Three-dimensional structure ilelanocarpus albomycédaccase (the three different
subunits are in different colours, yellow ballsioate copper atoms) (taken from Hakulinen
et al, 2002).

For full catalytic activity, laccases need a minimwf four Cu atoms (three types) per
monomeric molecule (Claus, 2004). Type 1 copperfasnthe typical blue colour to
multicopper proteins and the substrate oxidatikesaglace on this site. Type 1 copper has an
absorbance of approximately 600 nm, gives a blldeucdao concentrated laccase solutions
(Leontievskyet al, 1997a) and is electron paramagnetic resonane®)(Hetectable. Type 2
copper shows no absorption in the visible spectamnt displays paramagnetic properties in
EPR studies. It is rather close to the type 3 copjte that contains a diamagnetic spin-coupled
copper-copper pair and can be characterized by dinselectron absorption at 330 nm and
second by the absence of an EPR signal (Thurs@®@4,; Decker and Terwillinger, 2000; Claus,
2004).

However, some laccases do not show these typieabcteristics (Bar, 2001). For example not
all laccases are reported to possess four copmensa(Thurston, 1994) per monomeric

molecule. Palmieret al. (1997) determined by atomic absorption spectrtghetry that one of
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the laccases frorRleurotus ostreatusonsist of one copper atom, two zinc atoms andirame
atom instead of typical four coppers. Certain laecanzymes are not “blue” as expected.
Leontievskyet al (1997a, b) demonstrated that some laccases hgetow or yellow-brown
rather than blue colour, and supposed that theucadto formed as a result of blue laccase

modification by incorporation of aromatic produofdignin degradation.

Laccase-catalysed reactions

As discussed above, laccases use molecular oxggexidize various aromatic and non-
aromatic compounds by a radical-catalyzed reactimthanism (Claus, 2004). Oxygen is
reduced to water between three coppers whereasolihetompounds bind near to the
mononuclear copper. Substrate oxidation by lactsaaeone-electron reaction generating a free
radical (Reinhammar and Malmstrom, 1981; Figurg, M®ich is typically unstable and may
undergo a second enzyme-catalysed oxidation, whaton-enzymic reactions and/or may

partake in a polymerization reaction (Thurston,4)99

Hydroquinone Semiquinone Quinone

o e (0] )
e . |
4©4¢
IS
\/

Polymerization

OH

OH

Figure 1.3. Typical laccase reaction, where diphenols undergo®ne-electron oxidation to
form an oxygen-centred free radical that can bevedad to the quinone in a second
enzyme-catalysed step or by disproportionation.nQue and free radical products may

undergo polymerization (taken from Thurston, 1994).

1.2.4. The possible roles of laccase

Claus (2003) summarizes some possible functionracfdse in prokaryotes, and these

include sporulation, pigmentation, Mn oxidation d@hd oxidation of phenolic compounds. Zhu
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and Williamson (2004) supposed the role of lacasea virulence factor fo€ryptococcus
neoformans In higher plants, laccases participate in thacedédbased mechanism of lignin
polymer formation (Liwet al, 1994), and this is discussed in details belomaddition, McCaig
et al (2005) suggested that laccase-like multicoppeidase gene products have major
functions in physiological processes such as wdwaling, show ferroxidase activity (Hoopes

and Dean, 2004) and may play roles in the metabadisother essential metals.

Lignin biosynthesis

As discussed above, in higher plants laccases pipb#smve a major role in lignin
biosynthesis. Lignin is an aromatic biopolymer thas many important properties and function
in plants. Lignin is the second most abundant Higper after cellulose. It is derived mainly
from three alcohol monomers: p-coumaryl alcoholnifawyl alcohol and sinapyl alcohol
(Figure 1.4).

OH OH OH
5 mm”&m Obe
OH OH OH
p-courmnaryl alcoho sinapyl abcahal coniferyl alcohal
H lignin S lignin G lignin

Figure 1.4.The structure of monolignols (taken from Vanholeel, 2010).

Monolignols are formed in the cytosol and transpadtb the apoplast where lignin biosynthesis
occurs. The correct mechanism of monolignol polyration is unclear but probably
monolignols are converted into free radicals thelymperize spontaneously. The two enzymes
that are catalysing the formation of the monoligraalicals are laccase and peroxidase (Figure
1.5). Laccase activity is more efficient than pédase activity because peroxidase activity
requires NADH and kD..
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OH
1/2 H;O
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Figure 1.5.Lignin biosynthesis. Polymerization of coniferyt@hol to lignin. The reaction has
two alternative routes catalysed by two differentidative enzymes, peroxidases or

oxidases such as laccases (http://en.wikipediavddglLignin).

Fungal developmental processes and lignin degradati

Laccases are involved in fungal developmental m®ee such as sexual morphogenesis
and melanization (Zhao and Kwan, 1999; Naghial, 2003). They are also involved in
protection against pathogenic bacteria and fungiy@i and Staples, 2002), decolourization of
synthetic dyes and probably most importantly imiigdegradation. While many studies have
focussed on the role of laccases in fungal growtth development, with the exception of
Aspergillus nidulangAramayo and Timberlake, 1993; Scherer and Fisch@98) their role
remains unclear (Burke and Cairney, 2002). Aramayd Timberlake (1993) determined the
function of laccase | idspergillus nidulangs one of the key regulator of asexual development
process while Scherer and Fischer (1998) discus®erble of laccase Il that is involved in the
initiation of early sexual development process saglthe yellow pigment formation and hyphal
fusion during cleistothecial wall formation. Nagdial (2003) reported a correlation between
gill browning and intracellular laccase activitylientinulaedodes They supposed that laccase
has a role in pigment synthesis in the rind ofdlp through typical laccase oxidation reactions
(Figure 1.3) that finally form melanin pigments.

However most of the studies have been focussecherpossible role of laccases in lignin

degradation. Laccases are involved in the deg@dati complex natural polymers, such as
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lignin or humic acids (Claus and Filip, 1998) arah @lso oxidize non-phenolic lignin units in
the presence of certain compounds (Bourbonnais Raide, 1990). While it is clear that
lignocellulose-degrading enzymes such as laccasetpenetrate sound wood (Hamreehl,
2002) they can nevertheless use extracellulariveackygen species (ROS) to degrade lignin

(Koenigs, 1974) through the quinone redox cyclifigyre 1.6).

(XnO/Xn)
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Figure 1.6. A possible scheme of the reaction where laccadicipate in the production of
superoxide anion radical ¢O) (ROS) through the quinone redox cycling. Tradpced
O,- can participate in the production ofOsl via dismutation by superoxide dismutase
(SOD) and able to react indirectly with lignin umniDashed lines and enzymes in bracket

indicate the strategies used to carry out thesgioes (taken from Guilleet al, 2000).

Guillen et al (1997) demonstrated for the first time in funige texistence of quinone redox
cycling that could generate extracellular superexahion radicals (£ ). Quinone redox
cycling is generally known as an intracellular meg that involves the reduction of quinones
into semiquinones or hydroquinones. Guilleinal. (2000) summarized the possible relation
between ROS, quinone redox cycling and lignin deagian (Figure 1.6): fungi are known to
extracellularly produce hydrogen-peroxide, @), hydroxyl radical (OH-) and the superoxide
anion radical (¢ ). Autoxidation of semiquinones generated byalsecan generate,O that
can produce kD, via dismutation either spontaneously or in a reactiatalysed by the enzyme
superoxide dismutase (SOD) (2O + 2H — H,0, + 0,). H,O, can be involved in production
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of the hydroxyl radical (OH-) through the ironalgsed Haber-Weiss reaction(O + HO, —
OH- + OH™ + @ and/or in biologic systems via the Fenton reac(la,0, + F€* + H" — H,0

+ F€* + OH.). In the latter process the enzyme cellabidshydrogenase (CDH), through the
hydroquinone/F&-oxalate mechanism, generates hydroxyl radicalsmiHel et al, 2002).
Among reduced oxygen species, OH- is the only tee ta react directly with the subunits of
lignin (Hammelet al, 2002). Consequently laccases may participatéhén production of
several ROS such asO, HO, and OH- therefore it may have a role in ligninrdelgtion by

fungi.

1.2.5. Possible applications of laccase in bioteablngy

Laccases offer several advantages of which maken tismitable enzymes for
biotechnological applications (Baldrian, 2006). 3@eresult from their catalytic and
electrocatalytic properties (Morozowt al, 2007a), and include the possession of a broad
substrate specificity and thus the ability to ozélia great variety of xenobiotic compounds.
Industrially, various laccases derived from fungie aused in wine clarification and
bioremediation of compounds such as alkenes artdddes. All approaches and prospects of
application of laccases in biotechnology are basedheir ability to produce free radicals
during the oxidation of different substrates (Garllet al, 2000; Morozoveet al, 2007a).
Morozova et al (2007a) summarize the possible application ofcdae enzymes in

biotechnology (Figure 1.7).

Synthetic detergents,
Textile, food, pulp and cosmetics, and
paper industry antimicrobial materials

Degradation of

xenobiotics and \ Possible applications

bioremediation _ O_f laccases —»| Organic synthesis
in biotechnology
Biolinkers | il
Biofuels
&~ S
Biosensors Immunoassay

Figure 1.7. Possible applications of laccases in biotechnolfigiken from Morozovaet al,
2007a).
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During the last decade, many studies have beenspell on the use of laccases to decolourize
dyes (for an overview see: Rodriguetzal, 1999; Clauset al, 2002; Baldrian, 2004). These
authors suggested that decolourization procesgesnare effective in the presence of redox

mediators than without them.

The Laccase Mediator System

In many laccase-catalysed reactions the substaatedry high redox potential therefore a
redox mediator is required to facilitate the reawsi (Burton, 2003). Redox mediators are low
molecular weight compounds, that should be goocalee substrates (Morozogtal., 2007b),
and can be oxidized by laccases to stable radjBalslrian, 2006). A laccase mediator system
(LMS) was first described by Bourbonnais and Pgit890). They observed that laccase
derived fromTrametes versicolomn the presence of 2,2'-azino-bis-(3-ethylbenzabline-6-
sulfonic acid) (ABTS) could oxidize non-phenoligiin compounds with high redox potentials.
Since 1990, a wide range of redox mediator compsinade been identified (Morozoea al.,
2007b) that have biotechnological applications (Bounaiset al, 1995; Call and Miicke,
1997). For example, they are used for preparayméhssis (Fritz-Langhals and Kunath, 1998)
and to degrade environmental chemicals (Majcherczylal, 1998). Approximately 100
different potential mediator compounds have beestrileed for LMS, including both natural
and synthetic mediators. Johannes and Majcherc2®R0) summarize the natural mediators,
such as phenol, aniline, 4-hydroxybenzoic acid dddydroxybenzyl alcohol but the most

commonly used are still the synthetic compounds 8Bifid 1-hydroxybenzotriazole (HBT).

O, laccas mediatog, substrate

H,O laccas mediator Substratg,

Figure 1.8. Schematic illustration of the oxidative catalytigcle of laccase mediator system

(taken from Morozovat al, 2007b).

Figure 1.8. demonstrates the laccase-mediator regldes. This is a two-step process where the

mediator first reacts with the laccase, producirgiadble high potential intermediate, and this
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oxidized mediator is reduced to the initial form i®acting with the substrate (Burton, 2003;
Morozovaet al, 2007b).
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1.3. Tyrosinase

1.3.1. General

Tyrosinase (EC 1.14.18.1) is a copper-containingiaoaygenase enzyme that was first
described in 1896 by Bertrand. The enzymes arelyvdistributed in nature and are essential in
the formation of pigments such as melanins andrgibi/phenolic compounds (Lerch, 1987,
van Gelderet al, 1997; Claus and Decker, 2006) and may have wsrather functions. The
enzymes occur in bacteria, fungi, plants and inyrammals. Two reactions can be catalysed
by tyrosinases; hydroxylation of phenols (sometim@ted cresolase activity) and oxidation of
catechols t@-quinones (catecholase activity) (Burton, 2003)e Téactive quinones polymerize
non-enzymatically to the melanins (Claus and Deck@06). However, Claus and Decker
(2006) remark that only limited information exisisout protein structure and the exact reaction
mechanisms of tyrosinases because of the contaomnnatith pigments, occurrence of
isoenzymes, post-translational modifications or kW enzyme concentration in eukaryotic

cells.

Mayer (2006) summarized the functions and rolegyofsinases in plants and fungi. The
function of polyphenol oxidase (PPO) or tyrosin&sebrowning reactions and biosynthetic
processes is well documented. The role of tyrosinasplants is under intensive observation.
The major focus of research in polyphenol oxidaas heen its potential role in defense
mechanism such as defense against herbivores sisthrece of plants to stress and pathogens.
The role of tyrosinase in fungal pathogenicity &myal defense reactions is much less studied.
Tyrosinases have many industrial applicationss lised to detoxify waste waters and soils in
environmental technology (Claus and Filip, 1988;9Q)9 In pharmaceutical industries
tyrosinases have very important role in the treatnoé Parkinson’s disease while in cosmetic

and food industries tyrosinase are utilized in akice reactions (Mayer and Harel, 1979).

1.3.2. Occurrence and location

In higher plants, the highest activities of tyr@sias occur when the enzyme is
upregulated in wounded tissues such as those ofespfBosset al, 1995), potatoes
(Thipyaponget al, 1995) and tomato leaves (Constadiehl, 1995). The enzyme protects the

plant against insects and microorganisms by catejythe formation of melanin. Tyrosinase is
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located in plants chloroplast but the synthesipatyphenol oxidase and its transport to its site

in chloroplast is a complex process (Mayer, 2006).

Fungal tyrosinases were firstly characterized fedgaricus bisporugNakamuraet al, 1966;
Halaouli et al, 2006) because of enzymatic browning phenomenoimgl development and
postharvest storage which decreased the commestisd of the product (Jolivest al, 1998).
Recently, there has been increasing interest irbibehemical characteristics of mushroom-
tyrosinase, and especially the potential of fundgglosinases in biotechnological and
environmental applications. Further studies ondiyrases from other fungi have been carried
out in Neurospora crassgdKupper et al, 1989), Lentinula edodegKandaet al, 1996),
Aspergillus oryza€éNakamuraet al, 2000),Pycnoporus sanguineyglalaouliet al, 2005) and
Trichoderma reesgjSelinheimoet al, 2006). Fungal tyrosinases are mostly cytosaliymes
with a considerable heterogeneity but there arerteghat they can be located extracellularly
(Rast et al, 2003; Halaouliet al, 2006). Secretion of tyrosinases was first deediby
Selinheimoet al (2006) in the culture supernatant of the filamest fungusTrichoderma
reesei Selinheimoet al (2006) inferred thatGibberella zeage Neurospora crassaand
Magnaporthe griseaas ascomycetes fungi, also have secreted tysesraecause these fungi

have the correct signal sequence.

Tyrosinases have been investigated in many prokasyancluding both Gram-negative and
Gram-positive bacteria. Intensive biochemical itigegions have been carried out on the
members of the genuStreptomycegsee review by Claus and Decker, 2006), for exampl
Streptomyces nigrifacien@ambudiri and Bhat, 1972§. glaucescenflerch and Ettlinger,
1972),S.antibioticus(Bernanet al, 1985) ands. michiganensiéPhilippet al, 1991). Secreted
tyrosinases have been characterized from the lhamt&treptomycedere, they were assisted
by a second protein and did not have signal se@sefh@uet al, 1992; Tsai and Lee, 1998) as
were found inTrichoderma reesdiSelinheimeet al, 2006). Heat-inducible tyrosinases purified
from Bacillus thuringiensisave the lowest molecular masses of these enzimaesave ever
been recorded (Liuet al, 2004). Thermostable tyrosinases have been ésbldtom
Thermomicrobium roseurtkKong et al, 2000) while other tyrosinases were demonstrated
Vibrio tyrosinaticus(Pomerantz and Murthy, 1974) aRdeudomonas melanogenififoshida

et al, 1974) as typical example of Gram-negative b&tdiyrosinases have been also purified
from a marine bacterium, th#&larinomonas mediterranedLopez-Serrancet al, 2002).

Bacterial tyrosinases are located both in intral extracellularly in these species. Interestingly,
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tyrosinases from prokaryotes are not glycosylatediker those observed in eukaryotic

organisms (Claus and Decker, 2006).

Tyrosinases have been also found in sponges, nmgytébrates such as arthropods and in
vertebrates, mainly in mammals. In insects, tyrasgs have major role in sclerotization of the
exoskeleton and in protection, while in mammalssitresponsible for the development of

melanomas and for and it has a role in pigmentatisorders such as albinism and vitiligo (van

Gelderet al, 1997; Riley, 1997; Halaoudit al, 2006).

1.3.3. Structure and reactions of tyrosinase enzyme

Structural properties

It is well known from the literature that tyrosimgsare variable in their properties,
distribution and cellular location. Many authorpgase there is no common tyrosinase because
the enzymes found in many organisms are differenteispect to their sequences, size,
glycosylation and activation (Jaenicke and DeckéA3; Mayer, 2006). The molecular weight
of bacterial tyrosinases varies between 14 andB& @able 1.2.), and the enzymes may or
may not possess post-translational processing asigiroteolytic activation of proenzymes or
glycosylations (Claus and Decker, 2006). Typicanpltyrosinase has a molecular weight of
approximately 42-60 kDa, while fungal tyrosinase igrotein of approximately 30-70 kDa with
an acidic isoelectric point. However, the isoelectpoint of the filamentous fungus
Trichoderma reesetiyr2 has been reported to be pH 9.5 (Selinhe@thal,, 2006; Table 1.2).
Plant tyrosinases are mostly glycosylated whilamiost fungi no N-glycosylation has been
found. Several tyrosinase isoenzymes have beemtddtn fungal and bacterial species but
only one in fruit and vegetable bodies (Table 1T)osinases found in bacteria, fungi and

plants are monomeric proteins with few exceptions.

Many tyrosinases from the investigated organismistexi both latent and active forms
(Whitaker, 1995; van Geldest al, 1997). The inactive form of tyrosinases (abcdt96% of

the total enzyme found in mushroom and plants) sderbe very stable but activation results in
a greater sensitivity to temperature and pH (S@erh995). The latent form can be activated
by SDS, methyl jasmonate, proteases such as trgpdiy stresses such as wounding and acid
shock (Mayer, 2006).



Table 1.2.Properties of selected purified tyrosinase andsipase-like enzymes. L-DOPA as substrate wastosgéetermine the optimum pH and
temperature and they(modified from Claus and Decker, 2006 and Halaeuiil, 2006).

Species MW  pl Number of  Temperature  pH Kum (uM)  Function Reference
(kDa) isozymes optimum (°C)  optimum
Prokaryotes
Gram-negative bacteria
Thermomicrobium roseum 43 49 1 70 9.5 180 Konget al, 2000
Vibrio tyrosinaticus 41, 2 3100 Pomerantz and
38.5 (L-tyr) Murthy, 1974
Gram-positive bacteria
Bacillus thuringiensis 14 1 75 9.0 Liwet al, 2004
Streptomyces antibioticus 29.5 1 Bernaast al,
1985
Streptomyces glaucescens 29.1 695 1 6.8 Lerch and
Ettlinger, 1972
Streptomyces michiganenis 32, 9.0 2 33 7.0 Philippt al,
DSM 40015 34.5 1991
Streptomyces nigrifaciens 18 1 40 7.7 Nambudiri and
Bhat, 1972
Fungus
Basidiomycota
Agaricus bisporus 43, 5.2, 440 melanin synthesis Wichegsal,
47 5.1 1996
Amanita muscaria 60 1 6.0 1200 betalain Muelleret al,
biosynthesis 1996
Lentinula edodes 70-105 4.3- 6 6.0-6.5 74-2201 Kanas al,
4.7 1996
Pycnoporus sanguine@BS 45 45- 4 30 6.5-7.0 900 phenolic Halaouliet al.,
614.73 5.0 metabolism 2005
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Species MW  pl Number of  Temperature  pH Km (uM)  Function Reference
(kDa) isozymes optimum (°C)  optimum
Ascomycota
Aspergillus oryzae 67 1 820 Nakamureet al.,
(L-tyr) 2000

Neurospora crassa 46 1 Kuppeet al,
1989

Trichoderma reeseyr2 43 9.5 1 30 9.0 3000 Selinheirabal,
2006

Plants

Daucus carotasubsp. ativus 59 1 65 8.0 Soderhall, 1995

(Hoffm.) Arc.

Lycopersicon esculentun 43 Sommeet al,
1994

Malus domestic&orkh. 45 1 30 6.5 pathogen defence NiEid#ial,
2006

Solanum tuberosuin 42 1 Thipyapongt
al., 1995

Vicia fabal. 60 pathogen defence Robinson and

Dry, 1992

L-DOPA, 3,4-dihydroxy-L-phenylalanine; L-tyr, 4-hgakyphenylalanine (L-tyrosine).

€c
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Active site

Tyrosinases, like laccases, are multicopper oxidd$e enzymes have at least one
common feature in that they all contain a binuclgge 3 copper centre in their active site
(Mayer, 2006). Therefore, tyrosinase is differentaccase because it contains only two copper
ions at one reaction site in each functional umhithe enzyme (Burton, 2003) that are each
coordinated with three histidine residue (Figur®.1.

Figure 1.9.The active site of the tyrosinase molecule (thgpeo atoms are shown in green, the
molecular surface is indicated in red and histidangno acids are shown as a blue line)
(http://en.wikipedia.org/wiki/Tyrosinase).

Figure 1.9. shows (models C and D) that the adlite=for this protein lies on the surface of the
molecule. The two copper atoms within the active sif tyrosinase enzymes interact with
dioxygen to form a highly reactive chemical intediate that then oxidizes the substrate.
Chemical and spectroscopic studies of tyrosinase hiadicated that the active site of the
enzyme is similar to haemocyanins and catecholazésd (Sanchez-Ferreral, 1995; Halaouli

et al, 2006). They are also similar with respect toctpscopic and paramagnetic properties
(Himmelwright et al, 1980), primary sequence (van Gel@eral, 1997) and in the reactions
catalysed by the enzymes (Decker and Rimke, 1998intet al., 1998; Jaenicke and Decker,
2004).
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Tyrosinase-catalysed reactions

Tyrosinases use molecular oxygen to catalyse tfferdnt enzymatic reactions (Figure
1.10; Solomoret al, 1996; van Geldest al, 1997; Lancet al, 2003; Claus and Decker, 2006):
a) theortho-hydroxylation of monophenols @diphenols (monophenolase, cresolase activity)

and b) the oxidation af-diphenols tm-quinones (diphenolase, catecholase activity).

Cresolase Catecholase
OH OH (e}
%0, on %0 o
& (‘ // Complex
> |:> Brown
i Polymers
H,O
R R R

Figure 1.10.Cresolase and catecholase activity of tyrosinsledecular oxygen is used in both

reactions (taken from van Geldsral., 1997).

These reactions may be separate or sequentiafjdihene formed generally undergoes further,
non-enzymic reactions resulting in polymerizatiparticularly in aqueous medium, producing
intermediates which associate spontaneously in biaown pigments and related polyphenolic
polymers (Soler-Rivast al, 1997; Burton, 2003). The cresolase activityyobsinases is often
much lower than their catecholase activity (Selimfreet al, 2007). In particular, plant
tyrosinases show low or no monophenolase actiigr{inez and Whitaker, 1995; Selinheimo
et al, 2007).

1.3.4. The possible roles of tyrosinase

As discussed above, the best-documented functidheokenzyme is melanization. The
enzyme is responsible for the first steps of melayinthesis from L-tyrosine to the formation
of L-dopaquinone and L-dopachrome. These firstssteggn monophenol/diphenol tequinone
are the most critical from a biological point oewi (Figure 1.11; Sanchez-Feredral., 1995;
Halaouliet al, 2006).



26

Fhenaloxidase
- N
.
.
B
s
s

CH #*
*cHeoon 19, HO CHe. Yo o CH,
J T" CHCOOH 5 “CHCOOH
HO NH o HO / Fast I
2 NHI 0 NHQ
Tyrosine Dopa Dopa Quinone
Fast
HO%/\$ ]
Ty
o | L S — = COOH __*© HO™ COOH
HO MH Sl - Fast L/L\
o NH HOMe iy
2,6-Dihydroxyindole Dapachrome Leuco
Compound

Faszt
L+O
. NH 0
—_— =
0 = HH Relatively ‘
Slow 0 =
MNH

Indale
5 B-Quinone

halanin

Figure 1.11.Formation of melanin from tyrosine (taken from her, 1953).

The dark pigments, melanin, protect the cells aftdr@a, fungi, plants and animals against UV
radiation (Butler and Day, 1998), free radicals avitier oxidants, heat and enzymatic
hydrolysis (Claus and Decker, 2006). Melanin pristedbhe spores of many organisms against
the harmful radiation and promotes the processespofulation and its stability. Jacobson
(2000) reviewed the role of fungal melanin in pagesis. In addition to the protective role of
melanin, it was found to play an important functiarthe osmotic penetration of the plant cell
wall by the appressorium of the fungus (Jacobs@®02 Mayer, 2006). Melanin has been
demonstrated in lichens where the pigment partiegoa the protection of lichens against high
light intensities and extreme climatic conditiotgpanenket al, 2002). It is recognized that
melanin can be induced by UV-B radiation in marcihdin species such @adonia rangiferina
(Nybakken and Julkunen-Tiitto, 2006)},0baria pulmonaria (Solhaug et al, 2003) or
Umbilicaria rossica(Stepanenket al, 2002). It is well-known that tyrosinase derivieain the
members of most families of the Caryophyllales sashPortulaca grandifloraand Beta
vulgaris are able to participate in betalain formation (Wereet al, 1997; Steineet al, 1999;
Stracket al, 2003). Unexpectedly, betalains were also fomngbime higher fungi (Straek al,
2003). Muelleret al. (1996) suggested that tyrosinase isolated flamanita muscariais
involved in the biosynthesis of betalains. Latean@ia-Herrercet al (2005) presented similar

results but these suggestions require more comgnevidence (Mayer, 2006). Tyrosinases
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have also some important role not only in biosytithprocesses but also in the resistance of
plants to stress, pathogens and herbivores. Thesenations are based on the fact that
tyrosinases are involved in the generation of reacixygen species (Thipyapoegal, 2004).
Claus and Filip (1990) suggested that extracellulapsinases may have a role in the
polymerization and detoxification of plant phenotiompounds and the formation of humic
acid, in the soil environment. Further, tyrosinasks® play an essential role in defence reactions
and sclerotization in invertebrates (Sugumaran2p@®d in regulation of oxidation-reduction

potential and in the wound healing systems in gléMiayer, 1987; Walker and Ferrar, 1998).

1.3.5. Applications of tyrosinases

Tyrosinases have many applications in biotechngldggd processing, medicine and
textile, pulp and paper industry, due to their igbito polymerize compounds (Selinheimo,
2008). Tyrosinases are used in food and non-foodgsses due to their crosslinking abilities
(Selinheimoet al, 2007; Selinheimo, 2008). The enzymes can dstdké phenol-containing
waste water and contaminated soils (Claus and,Fllg§90) and can act as biosensors for
monitoring of phenols in the environmental techggldClaus and Decker, 2006). Tyrosinase is
also used in pharmaceutical industries due tabilgyato produceo-diphenols such as L-DOPA
which is the precursor of dopamine involved in tfeatment of Parkinson’s disease (Reijal,
1993).
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1.4. Introduction to the present study

Recently, Becketet al (2003) showed that lichens in the suborder Raitigae have
high rates of extracellular redox activity. The laurs suggested these species can defend
themselves against pathogens by producing ROS gt be directly toxic to invading
pathogens. In higher plants, the rapid productiénextracellular ROS, often called the
‘oxidative burst’, is believed to play an importamtie in plant defense against pathogenic
infections (Murphyet al, 1998). In higher plants, potential extracelluROS-producing
enzymes include plasma membrane NAD(P)H dehydragsnar oxidases, and/or cell wall
peroxidases (Luthjet al, 2000; Bleeet al, 2001). The aims of this study were to determine
which enzymes are responsible for redox activityPeltigeralean lichens, and to try and
elucidate their roles in lichen biology. Potent&dtracellular radical generating enzymes in
fungi include peroxidases, laccases and tyrosind&ediminary results indicated that lichens
had very low surface peroxidase activities, andetfioee the basic properties of laccase and
tyrosinase were investigated, using the locallynalamt Pseudocyphellaria auratas a test
species. The molecular masses of the enzymes veti@aged using polyacrylamide gel
electrophoresis. The substrate specificity of theyme and the effect of inhibitors, pH and
temperature on enzyme activity were determined. ddtential applications of lichen laccases

and tyrosinases for the detoxification of xenols®tivere also evaluated.



CHAPTER 2

MATERIALS AND METHODS

Pseudocyphellaria auratgAch.) Vaino was used as test species.
Most specimens were collected frivmucosidea sericegRosaceag

(seen here).
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2.1. Lichen material

Table 2.1. lists the species of lichens examindatii;istudy and their collection localities.
Specimens collected from the field fully hydratedraequilibrated in a controlled environment
chamber for 48 h at 15°C and a photosynthetic phiitence rate (PPFR) of 75 umol photons
m? s® of continuous fluorescent light. All light intetiss were measured across
photosynthetically active wavebands using the lighter in a Parkinson leaf chamber designed
for an Analytical Development Corporation Mark Ipportable infra-red gas analyzer
(Hoddeston, UK). Lichens collected dry were grafuaéhydrated using air at a relative
humidity of 100% for 48 h (over distilled water) #6°C and a PPFR of 75 umol*ns’,
followed by contact with wet filter paper for a finer 24 h. They were then used immediately.
Exceptions to the above were the lichens colleateRussia and Estonia. If collected moist,
they were allowed to slowly dry between sheetseviispaper. All specimens were then stored

refrigerated for up to 6 weeks after collectiond #imen rehydrated as above.

Preparation of lichen discs or fragments

For experiments on whole lichens, to reduce vditgpin species with large lobes 6 mm
disks were cut from the thalli. For species in viahilisks could not be cut, thalli fragments were
cut into 1 cm strips. In all cases, large collatsiof lichens were made, and the thalli used were
randomly sampled from those thalli that appearedtrhealthy. Disks or thallus strips were
stored as above for least 12 h before an experiteeminimize any effect of mechanical

disruption on enzyme activity, and then used imiauedly.

Preparation of lichen leachates

Lichen leachates were prepared by shaking lichealfi {ca. 10 g fresh mass) in 50 ml
distilled water with the pH adjusted to 7.0 for 1Time resulting leachates were filtered through
Whatman number 1 filter paper and used immediabelgoncentrated by dialysis. Dialysis
tubing (molecular mass cut off 10 kilodalton (kD&)gma, St. Louis, MO) was placed either
directly on sucrose or suspended in a 20% solaigolyethylene glycol (PEG) 20000 (Fluka,
Seelze, Germany) at 4°C; typically, dialysis for hOreduced the volume to ca. 2 ml.
Concentrated leachates were stored at -60°C wetled. On average, 52% of activity was lost
during dialysis. Absorption spectra of concentrdestthates were determined from 250 to 700

nm. For electrophoresis, laccase activity was @urtincreased by centrifuging dialyzed
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leachates at 4000 ¢ for 20 min in “Ultrafree” microconcentrators withmolecular mass cut
off 10 kDa (Millipore, Bedford, MA).
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Table 2.1.Lichens that were tested in our experiments aanl dollection localities.

Species

Collection locality

Lichens from suborder Peltigerineae
Collema flaccidun{Ach.) Ach.
Leptogium saturninurfDicks.) Nyl.
Leptogium sessil¥ainio

Lobaria pulmonaria(L.) Hoffm.

Lobaria scrobiculata(Scop.) DC.
Nephroma arcticunfL.) Torss.
Nephroma parilgAch.) Ach.
Nephroma rufun{C. Bab.)

Peltigera apthosdL.) Willd.

Peltigera caningL.) Willd.

Peltigera didactylaWith.) J R Laundon
Peltigera horizontalifHuds.) Baumg.
Peltigera hymeningAch.) Delise
Peltigera leucophlebi@Nyl.) Gyelnik
Peltigera malacedAch.) Funck
Peltigera neopolydactyléGyelnik) Gyelnik
Peltigera polydactyldNecker) Hoffm.
Peltigera praetextatgFlorke ex Sommerf) Zopf.
Peltigera rufescenéWVeiss) Humb.
Peltigera scabrosah. Fr.
Pseudocyphellaria auratéAch.) Vaino
Pseudocyphellaria gilv§Ach.) Malme
Solorina crocedL.) Ach.

Sticta fuliginosaDicks.) Ach.

Sticta cf. limbatgSm.) Ach.

Drakensberg, Cape Town, RSA
Drakensberg, RSA
Drakensberg, Umgeni Valley Nature ReseR8A
Sortavala, Russia
Drakensberg, RSA
White Sea, Russia
Lahemma, Estonia
Drakensberg, RSA
Sortavala, Russia
Sortavala, White Sea, Russia
Sortavala, Russia
Sortavala, Russia
Drakensberg, RSA
Sortavala, White Sea, Russia
Sortavala, Russia
Sortavala, White Sea, Russia
Sortavala, White Sea, Russia
Drakensberg, RSA; SatayRussia
Drakensberg, RSA; White Sea, Russia
Sortavala, White Sea, Russia
Nottingham Road, Dargle Valley, Capmvn, RSA
Cape Town, RSA
Murmansk Oblast, Russia
Nottingham Road, Drakensberg, RSA
Pietermaritzburg, Cape Town, RSA

Sticta cf. sublimbatéSteiner) Swinscow and Krog Drakensberg, UmgetieyaNature Reserve, RSA

Sticta sp.

Lichens from non-suborder Peltigerineae
Alectoria sarmentosgAch.) Ach.
Anaptychia ciliaris(L.) Korb.

Cape Town, RSA

White Sea, Russia
Sararemma, Estonia

Bryoria simplicior(Vanio) Brodo and D. Hawksw. Sortavala, Russia

Cetraria islandica(L.) Ach.

Cladonia cariosgAch.) Spreng.

Cladonia cf. rangiferingHoffm.

Cladonia stellariOpiz) Pouzar and Vezda
Cladonia cf. uncialigL.) F. H. Wigg.
Evernia prunastriL.) Ach.

Flavocetraria nivalis(L.) Karnefelt and Thell
Heterodermia specios@Vulf.) Trevis.
Hypogymnia physoddt.) Nyl.

Parmelia cetrarioidegDelise ex Duby) Nyl.

Sortavala, Russia
Sortavala, Russia
White Sea, Russia
Sortavala, Russia
White Sea, Russia
Sortavala, Russia
Sortavala, Russia
Drakesnberg, RSA
Sortavala, Russia
Umgeni Valley, RSA

Platismatia glaucgL.) W. L. Culb. and C. F. Culb. Sortavala, Russia

Pseudevernia furfurace@..) Zopf

Sortavala, Russia

Ramalina celastr{Sprengel) Krog and Swinscow Pietermaritzburg, RSA

Ramalina farinacedL.) Ach.
Ramalina pollinaria(Westr.) Ach.
Roccella montagnesél.
Stereocaulon tomentosurn.
Umbilicaria deustaL.) Baumg.
Umbilicaria pustulata(L.) Hoffm.
Usnea undulat&stirton

Sortavala, Russia
Sortavala, Russia
Umgeni Valley, RSA
Sortavala, Russia
Sortavala, Russia
Sortavala, Russia
Pietermaritzburg, RSA
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2.2. Enzyme and protein assays

ABTS assay method for laccase

Laccase activity was investigated by the oxidatdBTS (Fluka, Buchs, Switzerland)
to the more stable cation radical (ABY$Figure 2.1; Bourbonnais and Paice, 1990; Btial,

2001). The cation radical is responsible for theeljreen colour.

"0:8 . . S0y
ABTS @y N—N=
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CH,CHs CH,CH,
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Figure 2.1.The laccase-catalysed oxidation of ABTS to a catadical (ABTS) (taken from
Majcherczyket al, 1998).

For whole thallus assays using ABTS, 30 mg freslsarat lichen tissue was shaken by a
circulating water bath at 60 revolutions mhifippm) in 5 ml of 1 mM ABTS dissolved in 25 mM
phosphate buffer, pH 5.0, for 15 nrah30°C. To assay leachates or cellular fracti@8s100 pl

of extract, 100 pl of 10 mM ABTS (final concentaatil mM) and 25 mM phosphate buffer pH
5.0 to give a final volume of 1 ml were incubated 15 minat 30°C. A stock solution of ABTS
was prepared by dissolving the substrate in destiater. The absorbance of the cation radical
was monitored by a Cary 50 UV-Vis spectrophotomdéarian, USA) at 420 nm. The
extinction coefficient of the product measured afoAs 36 mM* cmi*. Enzyme activity was

expressed in pmol productioit gry mass fin all assays.
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Syringaldazine assay method for laccase

This assay is based on the oxidation of 4,4’-[dzis@nethanylylidene)]bis(2,6-
dimethoxyphenol) (syringaldazine, Sigma) to its responding quinone, 4,4'-
[azinobis(methanylylidene)]bis(2,6-dimethoxycyclabe?,5-diene-1-one) (Figure 2.2,
Medeiroset al, 1999). The quinone radical is responsible fergnk-reddish colour.

OH o o
CH30 OCHs CH30 OCH3 CH30 OCH3

Z2—Z2=0
Z2—2Z2=0

CH30 OCH;, CH30 OCHs CH30 OCH3
OH o} 0

Figure 2.2. The laccase-catalysed oxidation of syringaldazmets corresponding quinone

(taken from Sanchez-Amat and Solano, 1997).

Lichen thallus (about 30 mg dry mass of lichenltisabr fragments) was shaken and incubated
in 5 ml of 10 uM syringaldazine dissolved in 25 ngWlosphate buffer, pH 6.5, for 15
25°C. To assay leachates, 10-100 pl of extract, @D@f 100 pM syringaldazine (final
concentration 10 pM) and 25 mM phosphate buffe6ito give a final volume of 1 ml were
incubated for 15 mimt 25°C. A stock solution of syringaldazine waspared by dissolving the
substrate in dimethyl sulfoxide (DMSO) (50% of ttegal volume) then slowly adding the
remaining volume of distilled water. The absorbant¢he quinone radical was monitored at
525 nm. The extinction coefficient of the producfasis 65 mM'cm™.

o-tolidine assay method for laccase

This assay method was adapted from a method deddoip Miller et al. (1997). Lichen
leachates (200 pl of extract) were incubated in @DOf 10 mM 3,3’-dimethylbenzidineo{
tolidine, Sigma) (final concentration is 1 mM) dibged in 25 mM acetate buffer, pH 5.0 to give

a final volume of 1 ml were incubated for 15 min2&°C. The blue coloured product was
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measured at Ao, but the extinction coefficient of the productuisknown. A stock solution of
o-tolidine was prepared by dissolving the substirathe mixture of ethanol (50%) and distilled
water (50%).

Epinephrine assay method for tyrosinase

Tyrosinase activity was estimated by the oxidatioh epinephrine (Sigma) to

adrenochrome (Figure 2.3; Sugumaeaml, 1987).

HO HO
0, 0,
" Q7 °
_— >
-de —
HO Hzg_jCH:” -4H @O @T
CH,
epinephrine adrenochrome
(colourless) (orange/pink)

Figure 2.3. Schematic illustration about the oxidation of ephrine to adrenochrome

(http://www.csun.edu/~hcchmO01/sodassay.pdf).

For whole thallus assays, 150 mg of fresh masscbéh tissue was shaken by a circulating
water bath at 60 rpm in 3.5 ml of 1 mM epinephiedution, pH 7 (pH adjusted with HCI and

NaOH), for 15 min in the dark at 25°C. Leachatesallular fractions were not tested with this
method. The reddish coloured product was monitate4d90 nm. The extinction coefficient of

adrenochrome measured apdis 4.47 mM! cmi*. A stock solution of epinephrine (7 mM) was
prepared by dissolving the substrate in 0.5 M Hi@&n adding distilled water and adjusting the
pH to 7.0.

L-DOPA assay method for tyrosinase
Tyrosinase activity was determined by the methoHarfowitz et al (1970). This method

is based on the oxidation of L-dihydroxyphenylatemni(L-DOPA, Sigma) to 2-carboxy-2,3-
dihydroindole-5,6-quinone (dopachrome) (Figure 2.4)
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Figure 2.4. Oxidation of L-DOPA to dopachrome via dopaquinori@opachrome can

polymerize spontaneously to melanin pigments (tdk@n Buchanan and Murphy, 1998).

Tyrosinase activity in lichen thallus was deterndimssaying the follows; 150 mg of fresh mass
of lichen tissue was shaken at 60 rpm in 5 ml ofrBd phosphate buffer, pH 6.0, and 2 mM L-
DOPA, for 10 min at 25°C. To assay leachates aysojic and cell wall fractions, 50-200 ul of
extract, 200 pl of 10 mM DOPA (final concentratisr2 mM) and 50 mM phosphate buffer pH
6 to give a final volume of 1 ml were incubated fth-15 minat 25°C. The extinction
coefficient of the orange coloured product measwedyss is 3.6 mM* cm?. L-DOPA (10
mM) was dissolved in distilled water. To test thegence of latent tyrosinase 2 mM final

concentration of SDS was added to the reactionuraxt

L-tyrosine assay method for tyrosinase

L-tyrosine (Sigma) was also used to detect tyresractivity using the method described
by Muelleret al (1996). It is an additional test for the abilitiylichens to metabolize tyrosinase
substrates that is based on the monophenol oxiaetsety rather than the diphenol oxidase
activity of tyrosinase; 150 mg of fresh mass ofidin tissue was shaken at 60 rpm in 3.5 ml of
50 mM phosphate buffer, pH 6.0, and 2 mM L-tyrosiioe 30 min at 25°C. For leachates, 200
ul of extract, 200 ul of 10 mM L-tyrosine (final meentration is 2 mM) and 600 pl of 50 mM
phosphate buffer, pH 6.0 were mixed to give a finalume of 1 ml and then the mixture
incubated for 30 min at 25°C. The extinction cazfint of the yellow coloured product
measured at A is 3.3 mM! cm™. A stock solution of L-tyrosine was prepared bgsgiving
the substrate in 2.5 M HCI, adding distilled watand adjusting the pH to 6.0.
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Hydrogen peroxide assay method for peroxidase

Peroxidase activity was estimated for cellular ticats only as the increase in the rate of
reaction when kD, was added to give a final concentration of 10 mMil mM ABTS assay
solution at pH 6.0.

Calculation of laccase, tyrosinase and peroxidastviy

Enzyme activity was expressed in pmol productidndgy mass H and calculated as

follows:
Abs x v
€/1000 x t x m
where
Abs - absorbance at certain wavelength
Y - total reaction volume in litre
€ - extinction coefficient of the substrate
t - time in hour
m - dry mass in gram

2.3. Electrophoretic analysis

SDS- and Native-PAGE

Sodium dodecyl sulphate-polyacrylamide gel ele¢taspsis (SDS-PAGE), or gel
electrophoresis, was used to determine the appet@imolecular masses of the active forms of
laccases and tyrosinases. Mostly native-PAGE ian-denaturing PAGE was used. The
protocol is similar to that of denaturing SDS-PA@ikh the exception that running buffer and
gels contained SDS (0.1%), but samples were ndetieandp-mercaptoethanol was omitted
from the loading buffer. SDS-PAGE was performed ngsia Hoefer Mini-Vertical
Electrophoresis System (Hoefer Scientific InstruteerThe separating gels were 5, 6, or 7.5%
for laccases, or 10% for tyrosinases with a 3 orof%tacking gel (Laemmli, 1970). Molecular
mass markers (“High Range,” Bio-Rad, Hercules, @#&)e loaded onto the gel with 2% SDS
and 5%B-mercaptoethanol and were heated for 5 min at 9Bk&&trophoresis was typically run
for 15 min at 120 V then at 150 V for a further @&-min.
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After electrophoresis, protein standards were sthlty Coomassie blue dye solution for 20-30
min then destained overnight with a mixture of 4@8éthanol, 10% acetic acid, and 50%
distiled water. The staining solution contained o@assie brilliant blue R250 (Sigma),
methanol and glacial acetic acid supplement wistiltid water. Laccase bands were visualized
by incubating gels in 10 mM 2,6-dimethoxyphenol (BMFluka) in 0.2 M 2-morpholino-
ethane-sulfonic acid (MES, Sigma) buffer, pH 6.0teAca. 20 min a yellow-brown colour
appeared at the position of the laccase. To teghé&opresence of haem- or copper-containing
proteins, gels were incubated with 6.3 mM 3,3’ Gdiramethylbenzidine (TMB, Sigma) for 2 h
and then HO, added to give a final concentration of 30 mM (Tlaset al., 1976). To check the
reproducibility of results, extracellular laccasesre concentrated and gels run using between
two and four different collections of lichens. hretcase of four species, we were able to collect
material from widely separated sites to test favgyaphical variations in laccase isozymes. To
determine the approximate molecular mass of tyessinbands were visualized by incubating
gels in 10 mM DOPA in 0.1 M phosphate buffer pH,@fid 10 mM epinephrine in 0.1 M
phosphate buffer pH 7.0. After approximately 20 mbiack (dopachrome) and orange
(adrenochrome) bands appeared at the positioredf/tbsinase. Gels were also stained with the
‘Silver Plus’ Kit (Bio-Rad, Hercules, CA, USA) (Melr et al, 1984) with and without heating

with mercaptoethanol.

Isoelectric focussing (IEF)

To determine the molecular mass of the laccase meno two-dimensional
electrophoresis was carried out as follows. Iritiahe pl of the laccase was determined using a
Bio-Rad ‘Fast Gel System’ with wide-range amphdy{eH 3.0 to 9.0). Gels were stained
using TMB and HO, as above, yielding bands that were clear, but feid rapidly fading. IEF
standards (Bio-Rad) were run on the same gel aidest as above using Coomassie brilliant
blue. Bands were excised and macerated in 1.5 pdreforf tubes containing 0.4 ml of 50 mM
Tris-HCI buffer pH 7.5 with 150 mM NaCl and 0.1 mEDTA. The tubes were then shaken
overnight at room temperature, centrifuged for 2t mt 4000 xg, and the volume of the
supernatants reduced to approximately 45 ul byrifegation at 1000 xg for 40 min in
‘Ultrafree-MC’ concentrators. Electrophoresis whert carried out using a 10% gel as above
but under denaturing conditions. After electropB@ethe resulting single laccase monomer

protein band was visualised using the ‘Silver-Phiaining kit as above.
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2.4. Cellular location of enzymes in Pseudocyphellaria aurata and

Flavocetraria nivalis

Cellular location of redox enzymes was determingdgia modification of the method of
Rastet al (2003). Fresh material (3.5 g) was freeze dmggdund in 35 ml of ice cold 0.25 M
Tris-HCI buffer pH 8.0, and then centrifuged at 48€ 15 min at 4000 %, and the supernatant
representing the cytosolic fraction (“C”). The pellwas suspended in 20 ml of 50 mM
phosphate buffer pH 7.0, and then centrifuged aseabTlhis was repeated three times, the sum
of the supernatants representing enzymes looseiydt the cell wall e.g. by hydrogen bonds
(“B1"). The pellet was re-suspended in 15 ml of gipiwate buffer and solid digitonin (Sigma)
added to give a final concentration of 0.3%. Thietszn was stirred for 3 h at 4°C, centrifuged
as above, and then the step repeated. The condrinatithe two supernatants represented
enzymes bound by van der Waals forces and hydraphoteractions (“B2"). The pellet was
re-suspended in 15 ml buffer of phosphate buff@CNadded to give a final concentration of 2
M. The solution was then stirred for 3 h at 4°G)tdéuged as above, and then the step repeated.
The combination of the two supernatants represengymes bound by strong electrostatic
forces (“B3"). Finally, the remaining pellet wassaspended in 10 ml of phosphate buffer, and
represents enzymes bound by covalent linkages. lakidraction was used directly in assays
(“B4"). The cell wall fragments were pelleted aftdre assay to allow measurement of
absorption. All the above fractions were assayedaftcase, tyrosinase and peroxidase activity.
To test for the presence latent enzyme forms, asmytyrosinases were carried out with and

without 2 mM sodium dodecyl! sulphate (SDS) as renemd by Moore and Flurkey (1990).

2.5. Effect of wounding and desiccation on laccasad tyrosinase activity in

Pseudocyphellaria aurata

Each treatment comprised five replicates, and eaglicate comprised five 6 mm disks.
Three treatments were used. Treatment one compuiseesiccated and unwounded material.
Treatment two comprised material in which enzymigvies (with ABTS and epinephrine as
substrates) were measured for 0.5 h, the diskmtutjuarters using a scalpel, and then activity
measured over selected 15 min intervals for 2TBr&atment three comprised material in which
enzyme activity was measured for 0.5 h, the madtaliawed to dry over 2.5 h to a relative
water content of 0.05, rehydrated by the additibligoiid water then enzyme activity measured

over selected 15 min intervals for 2.5 h. Leaka§eytosolic enzymes was quantified by
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measuring the proportion of the strictly cytosaitzyme glucose-6-phosphate dehydrogenase
(G-6-PD) released into the medium following stréBise assay mixture contained glucose-6-
phosphate (1 mM), NADP (0.2 mM), MgC{1 mM), Tris-HCI buffer pH 8.0 (0.1 mM) and

sample, and production of NADPH was measured and4.0

2.6. Effect of inducers of laccase activity ilPseudocyphellaria aurata

P. auratawas collected and prepared as above. Some matagleft untreated, while
the rest was divided into replicates of 60 discd ahaken for 1 h in 10 ml of each of the
following solutions: distilled water, 0.5-25 mM 2d&lidine (Sigma), 0.25-0.7 mM copper ions
(Cu*® (supplied at copper sulphate), 0.5-10 uM feralid, 0.1-20 pM syringaldazine and
0.05-0.76 M ethanol. Laccase activity was measumiédlly using ABTS as a substrate, and at
the same times on the first, third and fifth dafgergpretreatment in five replicates of four discs.
Some experiments with compounds that apparentlyced laccases were repeated, except that
rather than use intact discs total thallus actiwgs measured. Here, freeze-dried tissues were

ground in buffer and then activity tested in crbdenogenate.

2.7. pH optimum of unpurified laccase

The effect of pH on laccase activity was studieckectphotometrically. ABTS,
syringaldazine and-tolidine as substrates were used to determinepticnum pH of laccases.
Pseudocyphellaria auratitcom suborder Peltigerineae was chosed as testespdecause it is
locally abundant species with good enzyme actiahd six other lichen species belong to other
taxonomic group within Peltigerales. Lichen leaelaind the different assays were applied as
described above under the assay methods. Measusemere made at room temperature (ca.
20°C). To test the influence of pH on enzyme atstiyphosphate and acetate buffer were used
from pH 3.5 to 5.5 (acetate buffer) and pH 5.0 18 {phosphate buffer). All assays were

repeated three times.

2.8. Temperature optimum

The effect of temperature on laccase activity waltodved by the laccase-catalysed
oxidation of ABTS, syringaldazine and-tolidine. The experiments were carried out at

temperatures ranging from 7°C to 70°C at 10°C vallsr using a spectrophotometer. The
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preparation of leachates from test species andghay methods were the same as above. All

experiments were carried out at optimal pH and dorteplicate.

2.9. Thermostability

Thermostability of different laccases extractednfraCollema flaccidum Lobaria
scrobiculata Peltigera rufescensand Pseudocyphellaria auratawas determined by
spectrophotometrically. Unconcentrated leachatese weetreated at 40, 50 and 60°C for

different periods, and then laccase activity meadais above at 30°C using ABTS as substrate.

2.10. Substrate specificity

Laccase and tyrosinase enzymes have overlappingfrateé specificity, and therefore
substrates used were chosen with care. Threeafitfeubstrates (ABTS, syringaldazine and
tolidine) were used to investigate the specifictf laccases toward different phenolic
compounds. ABTS is a most commonly used synthetlistsate (Minet al, 2001) while
syringaldazine is a natural compound specific tacdge (Medeirost al, 1999).0-tolidine like
ABTS belongs to a group of synthetic substratesli¢Miet al, 1997). Identification of
tyrosinase was investigated using epinephrine (@aganet al, 1987), L-DOPA (Horowitzt
al., 1970) and L-tyrosine (Muellaat al, 1996), the latter being the most specific conmabto
tyrosinase. Enzymes activity was measured usingn® discs or thallus parts from all the
investigated lichens. For each measurement, fiphiceges of equivalent to ca. 20 mg dry mass
were incubated in 5 ml substrate solution. The atkich of the substrates was followed by
spectrophotometer at optimal pH and temperature.

Kinetic studies were performed for each ‘laccasbssate’. At least six different
concentrations of substrate were used for eachratbst optimal pH and temperature, and the

kinetic parameters (i Vmay determined.

2.11. Inhibition and activation studies

Many compounds have been reported to inhibit avatet laccase and tyrosinase activity
(Baldrian, 2006; Mayer, 2006). Five potential irtobs and four compounds termed as
activators were used, including sodium azide (NaNpotassium cyanide (KCN),

ethylenediaminetetraacetic acid (EDTA), sodium fiilde (NaF) and 4-hexylresorcinol, while
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2,5-xylidine and three type of metal salts sucleasium chloride (CaG), manganese chloride
(MnCl,) and copper chloride (Cugl(Crowe and Olsson, 2001; Baldrian, 2004). HalCN,
NaF and EDTA are metal chelators that can irrelrdind to the copper centre of the enzyme
(Edenset al, 1999) while 4-hexylresorcinol is specific inhiwi of tyrosinases but not laccases
(Dawley and Flurkey, 1993a, b). 2,5-xylidine isiaducer of laccases in the long term (Garcia
et al, 2006). Metal ions are essential to the fungalnea and can induce laccase enzyme on
long term but can be toxic as well (Baldrian, 2008renzo et al, 2005). The effect of
activators on laccase activity was investigategloort- and long-term.

Lichen leachates were incubated in the differepetpf inhibitors or activators for 20
min, substrate was added (ABTS, syringaldaziodglidine and L-DOPA) and then the
formation of the product was measured over the B@xnin at optimal pH and temperature. At
least nine different concentrations of Nadthd KCN were used to test the effect of inhibitmms
laccase activity using the three ‘laccase substrabe the experiments of EDTA, NaF, 2,5-
xylidine and metal ions ABTS was used to follow thiéect of inhibitors and activators on
laccase activity. In case of EDTA inhibition, treathates derived from four different lichens
while in all the other measurememtseudocyphellaria auratevas used. The effect of different
inhibitors such as KCN, NajNNaF and 4-hexylresorcinol on tyrosinase actiwgs tested by
leachates extracted froRseudocyphellaria auratasing L-DOPA as substrate. The percentage

of inhibition was then calculated. Five replicate=re done in each experiment.

Tests for the mechanism of wound-induced increas@zyme activity and whether enzymes are

glycosylated

Pseudocyphellaria auratevhole and wounded discs were used to investigateffect of

0.2 mM cycloheximide (inhibitor of translation), 08. and 0.1 mM monensin (inhibit
glycoprotein secretion) and 15 pug/ml concentratibactinomycin D (inhibitor of transcription)

on laccase activity. The inhibitor compounds weseduto test whether the increase in enzyme
activity that follows wounding is the result of ettion or de novo synthesis of the protein. 20
discs (wounded and unwounded) were shaken in 16f imhibition solutions for 1 h and kept
them on wet paper. Discs were cut to quarter weeel as wounded species. ABTS as substrate
was used to measure laccase activity. Cyclohexiraitk monensin as well as actinomycin D
and monensin were used simultaneously. Enzymeitgctias measured after three hours and
three days of incubation. Four different concerdrat of concanavalin A were used to test

whether the laccases were glycosylated (concamaatieactivates glycoproteins). Leachates
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of Pseudocyphellaria auratavere prepared, and ABTS used to measure enzymetyact

immediately after treatment. All experiments wexpaated two times.

2.12. Decolourization of dyes

The ability of eight species of lichens to decoiperdifferent types of dyes was
investigated. Five species belonged to subordetigPeheae and for these species the
decolourizing potential of unconcentrated leachatese also studied. Lichen thalli and
unconcentrated leachates were prepared as abovehiete thalli four and for leachates five
types of dyes in 2 ml of solution (0.01% final centration of dye) were used. The dyes tested
were the indigoid dye Acid Blue 74, the anthraquiexype dye Remazol Brilliant Blue R
(RBBR), the azo dye Chicago Sky Blue 6B, Acid R€8 {belonging to the quinone-imine dye
class) and the triarylmethane-type dye Fast Gré&dn F

In experiments with discs, 10 discs from each gsewere used, while in experiments with
leachates 1 ml was used. Specimen bottles wereslatkroom temperature and the degree of
the decolourization processes were followed spphttometrically after 3, 6, 24 and 48 h.
Changes in absorbance was monitored at 590 nm (RBER nm (Acid Blue 74), 505 nm
(Acid Red 103), 620 nm (Chicago Sky Blue 6B) an@28 nm (Fast Green FCF).

In addition, the ability of 1-hydroxybenzotriazold-HBT) to act as a “mediator” for
laccase/tyrosinase was tested to enhance the deizalion processes by increasing the enzyme
activity. A final concentration of 0.6 mM 1-HBT wassed. Decolourization of dye was

expressed in the amount of dye remaining as aiumof time.
2.13. Statistical analysis
All measurements were done using 2-6 replicatesndrt-statistics were calculated and

the least significant difference between meangéheplicates) at P < 0.05 probability was used

for inspection of differences between values.



CHAPTER 3

BASIC PROPERTIES OF LICHEN LACCASES

Laccase fronMelanocarpus albomycé4gw0)
(http://chemistry.umeche.maine.edu/CHY431/Wood2htm

Lobaria scrobiculata(Scop.) DC.

growing in Monk’s Cowl State Forest in the RepuldicSouth Africa.
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3.1. Introduction

The general characteristics of laccase enzymes nger@wved in Chapter 1. As discussed,
perhaps surprising, no reports exist for laccasemiimportant group of fungi, the lichenized
ascomycetes. Some earlier works (Minibayeva andké@&gc2001; Beckettet al, 2003)
demonstrated the presence of strong extracelleldox activity in some species of lichens.
While several surveys had reported the existendaamfases in free-living ascomycetes (e.g.
Lyonset al, 2003; Pointinget al, 2003, 2005; Tetscét al, 2005), at the time this study was
started it appeared to be the first for lichendr&oellular laccase activity was measured in 50
species of lichens from different taxonomic groggiand contrasting habitats using ABTS and
syringaldazine as substrates. As our results coafirthe presence of laccases in species from
suborder Peltigerineae, we selected four speaies flifferent families in the suborder, namely
Collema flaccidum(Collemataceae)lobaria scrobiculata and Pseudocyphellaria aurata
(Lobariaceae) anBeltigera rufescengPeltigeraceae). Most of the studies such asfthete of
temperature, pH and inducers of laccase synthedsng-term activity and substrate specificity
of laccases were performed Bgeudocyphellaria auratea locally abundant species in South
Africa. However, the effect of pH on laccase atyivwas studied and compared between
Pseudocyphellaria auratand six non-Peltigerineae lichen species. Usiegstilected species
the thermostability and the presence of inhibitmmsenzyme activity, were examined. We also
studied the effect of Concanavalin A (Con A) orckse activity using. auratato test whether
lichen laccases are glycosylated. Finally, we aeitged the molecular weight, isoelectric point

and the structure of the active form of laccasmfReltigera malacea
3.2. Results
Occurrence of laccases in lichens
Laccase activity was detected in almost all lichendeltigerineae tested (out of 27
species tested), but was barely detectable in epd@longing to other suborders (Table 3.1).

The only exception was that limited laccase agtiwias detected iRamalina celastyi(13 + 3

pmol g* dry mass H).
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Table 3.1. Extracellular laccase activity, measured using thebstrates ABTS and
syringaldazine in a range of lichens.

Laccase activity, ABTS Laccase activity,
Species (umol g* dry mass hY) syringaldazine
(umol g* dry mass hY)

Lichens from suborder Peltigerineae

Collema flaccidum 28+9 1.3+0.3
Leptogium saturninum 1+£1 0.4+0.2
Leptogium sessile 18+4 0.3+0.1
Lobaria pulmonaria 16+2 1.1+04
Lobaria scrobiculata 687 3.0+£19
Nephroma arcticum 37+14 0.1+£0.0
Nephroma parile 25+3 0.7+04
Nephroma rufum 32+2 1.4+0.3
Peltigera apthosa 83+22 3.0+£0.3
Peltigera canina 130+ 10 2.3+0.2
Peltigera didactyla 162 +11 22+0.3
Peltigera horizontalis 9+2 1.0+04
Peltigera hymenina 156 + 22 6.8+1.9
Peltigera leucophlebia 25+13 1.6+0.3
Peltigera malacea 62+13 1.0+04
Peltigera neopolydactyla 113+ 33 24+05
Peltigera polydactylon 76 £ 16 1.2+04
Peltigera praetextata 120+ 12 24+0.7
Peltigera rufescens 100 + 23 1.8+04
Peltigera scabrosa 121 +19 26+05
Pseudocyphellaria aurata 19+4 1.7+0.6
Pseudocyphellaria gilva 8+2 0.1+£0.0
Solorina crocea 137 +2 17.3+45
Sticta fuliginosa 6+1 3.8+£0.6
Sticta cf. limbata 54 +17 25+01
Sticta cf. sublimbata 32+10 15+09
Sticta sp. 42 +8 24+0.3
Lichens from non-suborder Peltigerineae

Alectoria sarmentosa 2+0 n.d.
Anaptychia ciliaris 3+2 0.0+£0.0
Bryoria simplicior 0+0 0.3+£0.0
Cetraria islandica 1+0 0.1+0.0
Cladonia cariosa 30 0.1+0.0
Cladonia cf. rangiferina 2+1 n.d.
Cladonia stellaris 1+0 0.0+£0.0
Cladonia cf. uncialis 2+0 n.d.
Evernia prunastri 62 0.0+£0.0
Flavocetraria nivalis 2+1 0.0+£0.0
Heterodermia speciosa 2+1 0.2+0.0
Hypogymnia physodes 542 0.1+£0.0
Parmelia cetrarioides 1+0 05+0.2
Platismatia glauca 5+1 0.0+£0.0
Pseudevernia furfuracea 2+1 0.1+0.0
Ramalina celastri 13+3 15+04
Ramalina farinacea 1+0 0.0+0.0
Ramalina pollinaria 1+0 0.1+£0.0
Roccella montagnei 0£0 0.0+£0.0
Stereocaulon tomentosum 00 01+0.1
Umbilicaria deusta 0£0 0.1+£0.0

Umbilicaria pustulata 0+0 0.2+0.0
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Laccase activity, ABTS Laccase activity,
Species (umol g* dry mass hY) syringaldazine
(umol g* dry mass h?)
Usnea undulata 2+2 0.1+0.1
Mean for suborder Peltigerineae (n = 27) 62+11 24+£0.6
Mean for non-suborder Peltigerineae 2+1 0.2+0.0

(n=23)
Figures are given as the mean £+ S.D., n = 5.t determined.

The mean laccase activity was 62 + 11 pmbtigy mass H in species from Peltigerineae while
in other lichens it appeared to be only 2 + 1 pgibdry mass H using ABTS as a substrate.
The genuseltigerahad the highest activity, mostly higher than 10@ojug" dry mass H; that
value was also exceeded Bplorina crocea Activity was less in all lichens tested using
syringaldazine as a substrate; mean rates of nieabfor Peltigeralean and non-Peltigeralean

species were 2.4 + 0.6 umot dry mass fand 0.2 umol gdry mass H, respectively.

Effect of temperature on lichen laccases

The basic properties oPseudocyphellaria auratdaccases such as the effect of
temperature, pH, different type of inhibitors anducers were investigated using classic laccase
substrates. In some experiments (thermostabilllyapd inhibition) the results were compared
with the results of other lichen laccases (see @pbov
Conditions for optimum temperature of laccase #gtiwas substrates dependent and varied
between 7°C and 40°C iR. aurata (Figure 3.1). In case of the substrate ABTS and
syringaldazine laccase activity had the optimumptmature of 40 and 30°C, respectively.
Interestingly, the optimum temperature for laccastvity usingo-tolidine was only 7°C and

with increasing temperature the activity droppeuldiy.
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Figure 3.1. Effect of temperature on the activity BSeudocyphellaria auratiaccase. Activity
was measured iPseudocyphellarideachates using ABTS1), syringaldazine X) ando-

tolidine (o) as substrates. Error bars indicate the standanatibn, n = 3.

Investigating the thermostability of lichen laccaisee found that the enzymes isolated
from Collema flaccidum Lobaria scrobiculata Peltigera rufescensaand Pseudocyphellaria
auratadisplayed only moderate thermostability at 40°@hwpecies losing between 30-60% of
their activity after 5 h (Figure 3.2/A). At 50°Cl a&pecies tested lost more than half of their
activity after 0.5 h (Figure 3.2/B). Of the fourespes tested, the laccase frdPeltigera
rufescendhad the highest stability, and still retained &2 of this original activity after 2 h
at 50°C (Figure 3.2/B)). At 60°C the laccases from all species lost #@gtadmost immediately
(data not shown).
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Figure 3.2. Thermostability of laccases at) 40°C andB) 50°C in Collema flaccidum(e),
Pseudocyphellaria auratén), Lobaria scrobiculata(m) and Peltigera rufescengA). The
actual rates of laccase activity at time zero wWrgimol product g dry mass H): Collema
flaccidum 29.0 + 0.7,Pseudocyphellaria aurate0.8 + 0.2,Lobaria scrobiculata 38.9 +

1.9, Peltigera rufescens’6.2 + 7.6. Error bars indicate the standardatei, n = 3.

Effect of pH on laccase activity in lichen leaclsate

The effect of pH on laccase activity was determimeBlseudocyphellaria auratand six
non-Peltigerineae lichen species (Table 3.2)ectoria sarmentosa Cetraria islandica
Cladonia cf. rangiferina Cladonia stellaris Cladonia cf. uncialisand Flavocetraria nivalis

using the three laccase substrates.
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Table 3.2.Optimal pH values of laccase from six non-Peliigese lichen species with ABTS
as substrate.

Species Optimum pH (ABTS)
Alectoria sarmentosa 5.0
Cetraria islandica 4.0
Cladonia cf. rangiferina 5.0
Cladonia stellaris 5.0
Cladonia cf. uncialis 5.0
Flavocetraria nivalis 5.0

All measurements showed that conditions for optiatdivity were substrate dependent, and the
optimum pH varied between 4.0 and 6.5 (Table 3iguré 3.3). InP. auratalaccase had an
optimum activity at pH 5.0 in case of the substmtelidine while the optimum pH was 5.5 and

6.5 using ABTS and syringaldazine, respectivelg(Fe 3.3).
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Figure 3.3.The effect of pH on the activity of laccase fr&seudocyphellaria aurateeachates
using ABTS (), syringaldazineA) ando-tolidine (o) as substrates. Error bars indicate the

standard deviation, n = 3.

The investigated non-Peltigerineae lichen spedielsam optimum pH of 5.0 using the substrate

ABTS exceptCetraria islandicawhere pH 4.0 was optimal (Table 3.2).

Enzyme kinetic parameters@$eudocyphellarimccase

Kinetic parameters (i, Vmay Of laccases derived frofseudocyphellaria aurataere

determined for three substrates (ABTS, syringattmaindo-tolidine; Figure 3.4). The
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experimental kinetic data were fitted to single dtdte (Michaelis-Menten) kinetics by

nonlinear regression analysis (curve-fit).
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Figure 3.4.Michaelis-Menten kinetics of the oxidation of ABTA), syringaldazine (B) and-
tolidine (C) by laccases frolseudocyphellaria aurataError bars indicate the standard
deviation, n = 3.

Our results showed that laccase activity measuse@ &unction of substrate concentration
always displayed classical Michealis-Menten kirgeti€igure 3.4), with the | varying between
18 and 68 uM (Table 3.3). The value gf.¥was 9.17 and 2.24 pmol productdry mass Hin
case of the substrate syringaldazine and ABTSentisely.

Table 3.3.Kinetic parameters for the oxidation of three elifint substrates by laccases isolated
from Pseudocyphellaria aurata

ABTS Syringaldazine o-tolidine
Kur (UM) 21 18 68
V max (Mol product g dry mass H) 2.24 9.17 *
Vi/Ku 0.10 0.51 -

* cannot be calculated, as extinction coefficiehthe product is unknown.
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Stress factors affecting laccase activityPiseudocyphellaria aurata

The effect of stress such as wounding and desietati laccase activity iR. auratawas
investigated (Figure 3.5). Shaking discs Rof auratain distilled water tended to gradually
increase laccase activity, but activity was rapidigreased by both wounding and desiccating
then rehydrating the thalli.

50

40 A

dry mass h '1)
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Time (h)

Figure 3.5. Effect of wounding and desiccation on laccasevigtin Pseudocyphellaria aurata
discs using ABTS as substrate. The arrow indicttestime that material was stressed,
either by cutting discs into quarters (solid cisdleor by desiccating it to a relative water
content of 0.05 over 2.5 h then suddenly rehydgatin(open triangles). Open circles

represent control (unstressed) material. Error inglisate the standard deviation, n = 3.

Wounding caused considerable increase in laccasétyaén P. aurata discs using ABTS

therefore we investigated whether wounding causliesise of cell wall bound enzymes such as
laccases or the enzymes are secreted (Table 3x).attivity of laccases and the typical
intracellular enzyme, glucose-6-phosphate-dehydrage (G-6-PD) were examined in this

experiment.
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Table 3.4.Investigation of the cytoplasmic enzyme G-6-PD #mel cell wall enzyme laccase
activity in Pseudocyphellaria aurat&Results were expressed in umol prodifctiy
mass H.

Activity of G-6-PD Laccase activity
Total activity in materidl 150+ 9 459 + 201
Material was shaken in water for 1 h, freeze- 147 + 6 180 + 43
dryed overnight and ground in liquid N
Material was shaken in water for 1 h, ABTS - 20+ 7
added to discs in fresh solution
Solution from above 4+3 0.03+0.01
Material was wounded, shaken in water for 1
h, freeze-dryed overnight and ground in 153 + 10 164 + 31
liquid N
Material was wounded, shaken in water for 1 - 47 +9
h, ABTS added to discs in fresh solution
Solution from above 6+3 0.14 +0.04

Note: &t means enzyme activity of material that was feedded overnight then ground in liquid
nitrogen finally measured enzyme activitijlaterial (wounded or non-wounded) was shaken irewat
then moved to fresh solution and the remainingtemiuvas tested to enzyme activity. Values are mgive
as the mean £ S.D., n = 3.

Our results show that wounding caused only a spraportion of leakage of the cytosolic
enzyme G-6-PD (Table 3.4); rate of the G-6-PD dégtiof wounded material was 153 + 10
pumol product g dry mass B - similar to total and firstly shaken then freeiréed and
measured disc’s enzyme activity (150 + 9 and 147tmol product § dry mass 1) - while the
solution showed 6 + 3 pmol product gry mass # enzyme activity. Laccase activity showed
similar pattern to G-6-PD. Wounding caused only Ikmedease of laccase into the solution;
0.14 + 0.04 pmol product’gdry mass H activity was found in the solution while about 2%
the total rate of laccase activity was appearetiérfresh solution (47 + 9 umol product dry

mass ) using discs.
Inhibition of laccase activity by several compounds

Effect of a wide range of inhibitors on lichen lases was investigated. Figure 3.6. shows
the inhibition of laccase frofRseudocyphellaria aurathy sodium azide (Nad)land potassium
cyanide (KCN). Results indicated that concentrationNaN needed to inhibit activity by 50%
for ABTS, syringaldazine and-tolidine were 5, 20 and 5 pM, while the concembrag of
cyanide required to inhibit laccase activity by 5@%re 1000, 750 and 750 uM. Laccase
activity was strongly inhibited by NaNFigure 3.6/A, C, E) and to a lesser extent by KCN
(Figure 3.6/B, D, F) and it was most sensitive nbibitors wheno-tolidine was used as a
substrate (Figure 3.6/E, F).
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Figure 3.6. Inhibition of laccase activity fronPseudocyphellaria auratdy sodium azide
(NaNs) and potassium cyanide (KCN). ABTS (A, B), syriligzine (C, D) ana-tolidine

NaN, (uM)

KCN (mM)

(E, F) were used as substrate. Error bars indibatstandard deviation, n = 5.

Sodium fluoride (NaF) is a general inhibitor of ticbpper oxidases. NaF inhibited laccase

activity fromP. auratahigher extent than cyanide (Figure 3.6 and 3.7).
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Figure 3.7. Relative activity of laccase frofdseudocyphellaria aurates shown using sodium
fluoride (NaF) as inhibitors. ABTS was used as #abs. Initial activity of laccase was
0.3550 + 0.0134 umol product*gdry mass f. All data represent five replicates of
measurements and error bars indicate the standaraltion.

The effect on laccase activity of the organic coommb EDTA and several metal ions (Ga
CU?* and Mrf") were investigated using the laccases fleseudocyphellaria aurataCollema
flaccidum Lobaria scrobiculataandPeltigera rufescengTable 3.5). For this purpose, laccases
were incubated in solutions of the above mentiac@dpounds at concentrations ranging from
0.01 to 10.0 mM. EDTA had very strong effect onckse activity isolated fronCollema
flaccidumwhere even 0.01 mM EDTA significantly inhibitedctase activity while 0.1 mM
concentration of inhibitor had an inhibition by 500 < 0.01). Laccases fromobaria
scrobiculataandPeltigera rufescensvere also inhibited to a certain extent at theceoitration

of 1 mM (P < 0.01), while higher concentrationd&®TA induced laccase activity. EDTA had
significant effect orPseudocyphellaridaccase even at the concentration of 0.1 mM (F05)0
while using 1.0 and 10.0 mM the significance waseased (P < 0.01). In case of the ioA'Ca
CU** and Mri* laccase activity was considerably inhibited byimlestigated ions . aurata

even at very low concentration.
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Table 3.5. Inhibition of laccase activity fronPseudocyphellaria aurataCollema flaccidum
Lobaria scrobiculataand Peltigera rufescendy different concentration of inhibitors using
ABTS as substrate. Results indicated the relatistévity of laccases after the inhibition
processes.

Inhibitor Inhibitor Pseudocyphellaria  Collema Lobaria Peltigera
concentr. (mM) aurata flaccidum scrobiculata rufescens
EDTA 0.0 100 100 100 100
0.01 102 85** 94 93+
0.1 97* 53** 73 100
1.0 92** 36** 88** 88**
10.0 85** 27** 115 89*
CaCl 0.0 100
0.1 102
1.0 93*
5.0 79**
10.0 84**
CuCh 0.0 100
0.1 86**
0.25 82+
0.5 78**
0.7 78**
MnCl, 0.0 100
0.1 96*
1.0 87**
5.0 69**
10.0 64**

* indicates significant difference at P < 0.05 whit* signifies significant difference at P < 0.01.
Comparisons were made relative to the control.

Effect of a wide range of inducers Bseudocyphellari@ccase

Discs from Pseudocyphellaria auratavere used to test the effect of typical laccase
inducers on laccase activity. Results show thatndustorage in moist conditions, laccase
activity tended to decline slightly in untreatedteral, but pretreating material with different
concentrations of Ct} 2,5-xylidine (Table 3.6), ferulic acid, syringakine and ethanol had no

significant effect on laccase activity (data notvghp

Table 3.6.Effect of inducers such as the®Cand 2,5-xylidine on extracellular and total thallu
laccase activity (after 1, 3 and 5 days of treatiiéalues are expressed in umol produitt g
dry mass H.

0. day 1. day 3. day 5. day
Control 16+3 11 £ 2% 11 £ 1% 10 £ 3**
Control — total 336 + 81 273+ 44 193 £+ 51* 2080*
Cu® - 0.5 mM 21 + 2% 25 + 6** 30 + 6**
0.5 mM - total 367 + 10** 93 + 32* 9934~
0.7 mM 14 +7 29 + 11* 27 + 9**
0.7 mM - total 193 +11* 66 + 18** 26 10**
2,5-xylidine - 5 mM 5+ 3** 10+£5 8+3
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0. day 1. day 3. day 5. day
5 mM - total 203 + 30* 202 + 43 201 +58
10 mM 8+3 85 19+9
10 mM - total 209 + 25* 48 + 10** 123**

Figures are given as the mean + S.D., n = 3. *cagis significant difference at P < 0.05 while **
signifies significant difference at P < 0.01. Comgans were made relative to the control.

Although Cd* and xylidine increased activity measured on intaiscs, subsequent
measurement of total thallus laccase activity iaid that the increase measured was a result of
inducer-induced membrane damage, and the subsdga&age of intracellular laccases (Table
3.6).

Investigation of glycosylation dAseudocyphellariccase

To test whether lichen laccases are glycosylatexlgffect of Con A on laccase activity
was tested (Table 3.7).

Table 3.7.The effect of Concanavalin A on laccase frieseudocyphellaria aurata

Concentration of Con A Laccase activity

(ng mi?) (umol product g dry mass H)
0 8.9+0.1

5 8.6+0.3

10 8.0+0.3*

50 7.9+0.3*

100 7.9 +£0.1*

Figures are given as the mean + S.D., n = 3. *caugis significant difference at P < 0.01 while **
signifies significant difference at P < 0.001. Caripons were made between the control and the Con
A treatments.

Table 3.7. shows the inhibitory effect of differamncentration of Con A on the glycosylated
laccase activity. 10 ug fhlor higher concentration of Con A significantly ipited laccase
activity (P < 0.01 and P < 0.001) indicating thighén laccases frorR. aurataare might
glycosylated.

Preliminary biochemical characterization of laccassolated fronPeltigera malacea
Extracellular leachates ofeltigera malaceabecame clear blue solutions after

concentration for electrophoresis, with an absorpgppeak around 614 nm (data not shown).

After electrophoresis of the leachates, native gesed with DMP revealed a single brown
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band, while TMB staining for iron and copper funcial groups revealed a single blue—green
band (Figure 3.8).

DMP TMB E
S 340 kDa
W —— 85 kDa
340 kDa — =
— .
5% 6% 45% 10%

Figure 3.8.Characterization of laccases frételtigera malaceaFrom left to right: native 5%
gel, laccase activity staining with DMP; native &%l, haem and copper groups stained
with TMB; isoelectric focusing followed by TMB stang; denaturing 10% gel (laccase

monomer) using protein eluted from the isoeledtaising gel.

The molecular mass of the active form of the lagoaas estimated as ca. 340 kDa. Further
analysis was performed by two—dimensional electwogdis, using a combination of IEF
followed by a denaturing 10% polyacrylamide gelteAflEF and TMB staining, a single clear
but feint blue—green band was visible corresponding pl of ca 4.7 (Figure 3.8). This band
was excised, the proteins extracted and run omatdeng 10% gel. Silver staining revealed a

single band with a molecular mass of 85 kDa, irtthcgthat the active form is a tetramer.

3.3. Discussion

Occurrence of laccases in lichens

The present study is one of the first report otéese activity in lichenized ascomycetes.
After the start of our investigation, Zavarzina &evarzin (2006) demonstrated the occurrence
of surface laccases and tyrosinases in lichenstiayt used different species and obtained
slightly different results. Demonstration of laceasctivity was based on several observations,

all consistent with the characteristics of laccafesn free-living fungi (Thurston, 1994;
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Leonowiczet al, 2001; Mayer and Staples, 2002; Baldrian, 206%)st, lichens and their
leachates could readily metabolize classic laceabstrates such as ABTS, syringaldazine and
o-tolidine in the absence of,8, (Table 3.1 and 3.3). The ability to metabolizeirgyaldazine

in particular is considered diagnostic for laccases it is not metabolized by other phenol
oxidases (Thurston, 1994). Our results illustratg but of 27 species belonging to the suborder
Peltigerineae, 23 showed clear oxidation of laccadestrates (Table 3.1). The highest laccase
activity was found in the licherBeltigera didactylaP. hymeninaand Solorina croceausing
ABTS. The soil-stabilizing licherSolorina croceaexhibited the highest activity using the
specific laccase substrate, syringaldazine. Siméaults were found by Zavarzina and Zavarzin
(2006). They investigated 72 species of lichens fandd that 20 species out of 21 from the
order Peltigerineae displayed considerable laceaseity while only a few lichens from the
order Lecanorales showed phenoloxidase activitpygushBTS as substrate in their field
experiments. Interestingly, they showed positivactien with ABTS from 32 of 43 species
belonging to the order Lecanorales in laboratonyeeixnents collected during a different field
season from the one in which the field measurememi® made. Zavarzina and Zavarzin
(2006) studied the water-soluble phenoloxidasesfandd thatSolorina croceavas the most
active producer of these enzymes. Lichens fronL#uanorales showed very low water-soluble
phenoloxidase activity, and they hypothesized tihese laccases were strongly associated with

thalli in these species.

In lichens, it seems probable that laccases amdupeal by the fungal rather than the algal or
cyanobacterial symbionts. Laccase activity occarsmembers of Peltigerineae that have both
cyanobacterial and chlorophycean photobionts. ©ploycean algae have never been shown to
display laccase activity (Quiret al, 2000). Although sequence analyses suggest tbeade-
like genes may be present in cyanobacteria (Nakaetual, 2003), no evidence exists that
genes are actually expressed, or what the functidrtbeir corresponding proteins may be.
Furthermore, free-livingNostoc collected close to some of our Peltigerineae digd no
laccase activity. Nevertheless, these results anéirmed by the observation of Zavarzina and

Zavarzine (2006) by the investigation of coloutha# lower (fungal) thallus surface.
Effect of temperature on lichen laccases
The effect of temperature on laccase activitPseudocyphellaria auratavas determined

using different laccase substrates (Figure 3.1)T@&Bsyringaldazine andtolidine were used

as substrates and interestingly, optimum temperaivas 7°C of laccase activity usimg
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tolidine in contrast with values reported in théerdature (Kimet al, 2008). Optimum
temperature is affected by the assay used andhigedeto the type of organism from which the
enzyme was isolated. According to the literatur tiypical temperature optimum for laccase
activity using ABTS ranges between 30°C and 70°@b(@ 1.1; Baldrian, 2006); therefore,

auratalaccase displays a typical optimum temperature.

The thermostability of laccases isolated fr@ullema flaccidumLobaria scrobiculata
Peltigera rufescenand Pseudocyphellaria auratavas investigated. All lichen laccases tested
showed moderate thermostability at 40°C, much #&sS0°C (Figure 3.2) and laccases were
immediately inactivated at 60°C (data not showimil@rly to our resultsSolorina croceaand
Peltigera apthosareeded only a few minutes and 25 min respectif@yb0% inactivation at
50°C and few minutes at 60°C for both species {L&toal, 2007). In free-living fungi, the half
life of the enzyme at 50°C ranges from minuteButrytis cinnereato 2-3 h inLentinula
edodesandAgaricus bisporusand to 50-70 h iframetessp. (for review, see Baldrian, 2006).
The rather low stability of lichen laccases is jlngssurprising, because even in temperate
climates the temperature of dry thalli can reactC6(Kappen, 1974). However, while the heat
tolerance of dry lichen thalli is high, that of mgted lichens is actually lower than that of
higher plants. Most lichens, including tropical cpe, die when the thallus temperature exceeds
35-43°C (Becketet al, 2008). Normally, in the field, lichens will diyefore they reach these
temperatures, and therefore high thermostability wat be needed. Poor thermostability may

limit any biotechnological applications of licheactases.

Effect of pH on lichen laccases

Determining the effect of pH on laccase activity fwand that the pH optima of laccases
isolated from lichens differ from those from plaatsd bacteria (typically from 6.0 to 9.5, Table
1.1; Table 3.2; Figure 3.3; Shile al, 2000). However, they are slightly more alkalthan
fungal laccases, which tend to have rather mordia@H optima, typically from 2.0 to 4.5
using ABTS ando-tolidine as substrates (Millegt al, 1997; Baldrian, 2006). Results with
syringaldazine show typical fungal pH optima (B&dr 2006). This nearly neutral pH range of
lichen laccases using syringaldazine may providéebédiotechnological applications in the
process of biobleaching that requires substantielyme activities at neutral to alkaline
conditions of pH (Heinzkilet al, 1998; Bar, 2001).

Syringaldazine is a phenolic- while ABTS amtolidine are regarded as non-phenolic

substrates (Figure 3.9). Xu (1997) discussed tmmettion between pH profile and type of
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substrate. Phenolic substrates usually show ashafbed pH profile due to the different redox
potential between the reducing substrates andyffee copper centre of laccase (rising part of
the graph; Xu, 1997; Bar, 2001). The decreasing @athe graph at higher pH indicate the
increasing amount of hydroxide anion that can binthe type 2/type 3 copper centre of laccase
and inhibit the binding of © Therefore the pH profile of lichen laccase atyivusing
syringaldazine displays the typical effect of pH taccases acting on phenolic substrates
(Figure 3.3). ABTS rather show a monotonic declinan a bell-shaped profile, a result that
other workers have often observed (e.g. Xu, 199, B001). Interestingly, laccase activity
also shows a bell-shaped pH profile usmgplidine (Figure 3.3) even though the substrate is
non-phenolic compound. The pH profile ofolidine is might caused by similar interaction

between substrate and enzyme than in case of gr@ft compound syringaldazine.

Enzyme kinetic parameters@$eudocyphellarimccase

Evaluating the kinetic parameters Bf auratalaccase, kg values indicated that the
binding affinities toward the different substratesre in the order syringaldazine > ABT S>>
tolidine. Similar K, values and binding affinities of substrates hasenbfound in laccases from
most of the fungi species (Baldrian, 2006). Syridgaine contains methoxy- (-OGHand
hydroxyl groups (-OH; Figure 3.9). The highyMy ratio displayed when syringaldazine is
used as a substrate suggests that methoxy grolgee e adjacent hydroxyl group to be
oxidised efficiently (Bar, 2001). In addition, sygaldazine has three adjacent substituents that
can increase binding affinity, because the actitee &f the enzyme has two possible ways to
bind to the substrate (Bar, 2001).

o OH
ABTS o-tolidine
Hyoo OCH;
é OCH S

syringaldazine
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Figure 3.9. Chemical structure of phenolic- and non-phenolitbstrates used in the

experiments of substrate specificity of lichen kxes.

The non-phenolic compound ABTS contains sulfoniicl §eSO;H) groups (Figure 3.9). The
SO;H group has a lone electron pair, and therefocart be oxidised by laccase but it does not
have adjacent substituents to increase bindingigffiO-tolidine had shown the lowest biding

affinity to the enzyme, possibly because it possesaethyl- (-CH) and amino substituent

groups (-NH).

Stress factors affecting laccase activityPiseudocyphellaria aurata

Lichens are special organisms because they hality abitolerate extreme stresses such
as low thallus water content, temperature extremmesghanical injury and ultraviolet radiation
(Zavarzina and Zavarzin, 2006; Beckettal, 2008). A possible influence of two stress fastor
on laccase activity froniPseudocyphellaria auratavas studied. Desiccation and wounding
stimulated laccase activity (Figure 3.5), but lepgkaf cytoplasmic enzymes cannot explain the
stress-induced increases in activity. Based orobiservation that wounding causes the release
of only 4% of the strictly cytosolic G-6-PD actiyi{Table 3.4), it was estimated that leakage of
intracellular enzymes contributes only a small prtipn of the stress-induced increases in
enzyme activity. Further investigations showed thigh proportion of laccase activity from
wounded lichen discs appeared in fresh solutionicatohg that laccases from
Pseudocyphellaria auratare bound extracellularly to the cell wall. Zavaazand Zavarzin
(2006) found similar results; phenoloxidase agtiwitas stimulated irPeltigera apthosaand
Lobaria pulmonariaafter one and two desiccation/rehydration cycldsese and our data may
suggest that laccases associated with lichen thalfe either resistant to desiccation or the
transition of the thallus from anabiosis to a metighlly active state stimulates their production
(Zavarzina and Zavarzin, 2006). The mechanismsuoh fast increases occur after desiccation
and wounding in lichen laccase activity were natd&d in this project, but could include
phosphorylation (Larrondet al, 2003), changes in apoplastic pH, assembly ohttiee form

of the enzyme from existing monomers, or alteratiohprotein conformation.

Inhibition of laccase activity by several compounds

A wide range of compounds have been reported tibitntaccase activity (Baldrian,

2006) therefore the effect of a number of inhilgton laccase activity from different lichen
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species Pseudocyphellaria aurataCollema flaccidum Lobaria scrobiculataand Peltigera
rufescenp was investigated. The general inhibitors of metaitaining oxidases are cyanide,
sodium azide and fluoride (Edeesal, 1999). The effects of sodium azide, potassiuanile
and sodium fluoride were tested Bn auratalaccase (Figure 3.6; 3.7). All of three inhibitors
strongly reduced laccase activity that was moreigea to azide than cyanide. Similar results
were found in the ascomyceldauginiella sp. (Paloneret al, 2003) while inMelanocarpus
albomycescyanide and azide had similar inhibitory effect emeyme activity while sodium
fluoride had weaker effect, only 40% inhibition ngi 1 mM concentration of flouride
(Kiiskinen et al, 2002). In case of the inhibitor sodium flouride found greater inhibitory
effect on laccase activity than with cyanide tha ©e attributed to the limited accessibility of

the type 2/3 trinuclear copper site of laccase HXg&, 1996).

EDTA significantly inhibited laccase activity, buhe degree of inhibition between the
investigated lichen species differed remarkablyb(@e.5). Similar results were found in the
study ofPycnoporus sanguinewsndCoprinus micaceuby Bar (2001) and in the experiments
of Trametes versicoloby Lorenzoet al (2005). EDTA usually has inhibitory effect on ¢ase
activity because it can take out copper ions fromymes forming a complex, thus, modifying
the laccase active site (Zavarziemal, 2004; Lorenzeet al, 2005). C&, Cu#* and Mif* are
heavy metal ions that can act as inducers of lacoasungus cultivation media whereas they
are toxic on extracellular laccases and when pteserxcess (Baldrian and Gabriel, 2002;
Baldrian, 2003, 2004). Results showed a considgrabiibition of laccase activity using the
heavy metal ions, especially the MnSimilar results were found in the fungbmedalea
quercina(Baldrian, 2004) where Mfiwas the most efficient inhibitor of laccase adyiwith a
91% inhibition. Most of the literature deals withu"C as an important inhibitor of laccase
activity that inhibits enzyme activity even at lm@ncentrations (Baldrian and Gabriel, 2002).
We found similar results, but Lorenzt al (2005) and Baldrian (2004) observed that'Cu
stimulated laccase activity ifirametes versicoloand Daedalea quercinaat concentrations
lower than 1 mM while enzyme activity was signifitly inhibited at higher concentrations.
Most studies show Ghas an inducer of laccase. Crowe and Olsson (268d)rted that
calcium ionophore and lithium- and calcium chloridt induced laccase activity through
mobilizing calcium across membranes by various meBar reasons that remain unclear?*Ca
can sometimes act as an inhibitor (Mumdzl, 1997a). The authors showed that inhibition of
laccase activity by calcium ion occurs Pleurotus eryngiiwhere 2.5 mM CaGl had
approximately 60% inhibition on laccase activity.the present study we also found inhibition

of enzyme activity using calcium ion. However, neicstudies found that rather chlorides then
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metal ions (such as €aCu* and Mrf*) are responsible for laccase inhibition (Fareesl,
2008).

Effect of a wide range of inducers Bseudocyphellari@ccase

Various ions and molecules can induce laccase sgistin long term in free-living fungi,
e.g. Cd", ethanol, ferulic, vanillic and veratric acidsriagaldazine and xylidine (Palmieet
al., 2000; Crowe and Olsson, 2001; Leonowatzal, 2001). However, in many free-living
fungi the production of laccases is often congtitytand not suppressed even by high nutrient
availability (ten Have and Teunissen, 2001)Plrauratalaccase activity was not influenced by

normal laccase inducers, suggesting that in thésiep laccases are constitutively expressed.

Investigation of glycosylation dAseudocyphellariccase

Most of the laccases described in plants and fargyglycoproteins with different degree
of carbohydrate content (Baldrian, 2006). Concalirmva (Con A, a lectin protein) can bind
specifically to certain groups of glycoproteins addactivate them. Laccases from fungi
described so far are glycoproteins with approxilgat®-25% carbohydrate content (Baldrian,
2006). There are some exceptions; for exar@uigolopsis fulvocinnereaontains 32% (Shleev
et al, 2004) whilePleurotus pulmonariugaccase was found to contain 44% sugars (de Souza
and Peralta, 2003). Very low degree of glycosytati@as observed iRleurotus eryngijiwhere
glycosylation was only 1-7% (Munaz al, 1997b). Carbohydrates are mostly N-linked to the
polypeptide chain (Saparret al, 2002; Baldrian, 2006) and their suggested rateso protect
the enzyme from proteolysis (Yoshitageal, 1993) and to render enzymes soluble. Our results
showed that 10 pg fhiconcentration of Con A was high enough to sigaifity inhibit lichen
laccase activity (Table 3.7). Deactivation of eneyactivity suggested that the laccase from
Pseudocyphellaria aurates a glycoprotein. In the future more work is neg@do determine the

degree and type of laccase glycosylation in lidaenases.

Biochemical characterization of laccase isolatezhiiPeltigera malacea

Using electrophoresis, we found that the activenfof the laccase iReltigera malacea
is a tetramer with a molecular mass of 340 kDayf&c.8). Although most laccases from free-
living fungi appear to be monomers (Thurston, 19%fnowiczet al.,, 2001; Baldrian, 2006), a

tetrameric laccase has been reported from the asateiPodosporaanserina(Durrens, 1981).
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While the molecular mass of the active form of éneyme is quite high, the molecular mass of
the monomer (85 kDa) is within the range of othefeoular masses reported for other laccases
(Baldrian, 2006). Microcharacterization of the emeg revealed other properties consistent
with their identification as laccases. These inallide acidic pl of ca. 4.7, transient staining by
TMB (Figure 3.8), and an absorption spectrum wifeak at 614 nm (see Chapter 5 for more
details) due to a type 1 or paramagnetic ‘blue’pawpatom (Claus, 2004). Although TMB
staining is often used as an indicator of haem ggpthis substance also stains Cu-containing
functional groups (Miller and Nicholas, 1984). Maluygi that display laccase activity possess
more than one isoforms (Mayer and Staples, 2008}, to 20 occur imrametes gallica

(Donget al, 2005), buP. malaceehas only one isoform (Figure 3.8).

3.4. Conclusions

The present study suggests that in lichenized Agcota significant laccase activity
seems to occur mainly in Peltigerineae. There everal possible explanations for high laccase
activity in this particular group of lichens. Menmbeof Peltigerineae are characterized by high
growth rates, and high metabolic activity in geheaad a tendency to grow in wetter, more
productive habitats (Palmqvist al, 2002). Possibly, high cell wall redox activiymecessary
to provide enough nutrients to support fast groviRbcent phylogenetic studies support the
view that Peltigerineae form a monophyletic groughim Lecanorales (Wiklund and Wedin,
2003; Miadlikowska and Lutzoni, 2004; Wedin and Wiid, 2005) and share traits that are
uncommon in other lichen groups (Grube and Winka022. More generally, within the
Ascomycota, the Lecanorales are considered advdhcgzbniet al, 2004). Although laccase
activity is generally considered to be best dewedbjin the Basidiomycota, possession of
laccases may enable lichens in Peltigerineae tce nefficiently exploit their environment,

giving a selective advantage to these highly deezldichens.



CHAPTER 4

BASIC PROPERTIES OF LICHEN TYROSINASES

The structures dbtreptomyces castaneoglobispoty®sinase; red indicates the
mature tyrosinase protein while the carrier proiteiblue (Matobaet al, 2006).

Solorina crocegL.) Ach.

was collected in Russia (photo by D. Cserhalmi).
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4.1. Introduction

Tyrosinases are a family of multicopper oxidasetgins found in some higher plants,
fungi, prokaryotes and animals (Setaal, 2003; Claus and Decker, 2006). Perhaps surghsin
this is one of the first studies for the existentéyrosinases in an important group of fungi, the
lichenized ascomycetes. However, in lichens, stendence exists that melanins act as screens
for UV light (Gauslaa and Solhaug, 2001; Stepaneekal, 2002; Solhaugt al, 2003).
Zavarzina and Zavarzin (2006) carried out some mx@ats showing that in the field lichens
can metabolize tyrosinase substrates, and thiscaafirmed by our own preliminary results.
The aims of the work presented here were to veh#y presence of tyrosinases in lichens,
distinguish them from laccases on the bases oftsubsspecificity, sensitivity to inhibitors,
activation by SDS and stress and the microcharattsr of the enzymes such as the cellular
location and molecular masses. We also determinedeélationship between laccase activity
and tyrosinases activity in a range of specieseahation of the taxonomic distribution of
tyrosinase activity and characterization of theyemes will be essential for elucidating the

biological roles of these redox enzymes in lichepgology.

4.2. Results

Occurrence of tyrosinases in lichens

Results from a survey of extracellular tyrosinaséivay in 47 lichen species using
epinephrine as substrate showed that while actootyld be readily demonstrated in members

of the Peltigerineae, other species had very |ldwities (Table 4.1).

Table 4.1.Tyrosinase activity, detected as oxidation of ephrine to adrenochrome in a range
of lichens.

Tyrosinase activity

Species (umol g* dry mass h?)
Lichens from suborder Peltigerineae

Collema flaccidum 56 + 13
Leptogium saturninum 24+7
Leptogium sessile 19+3
Lobaria pulmonaria 22+3
Lobaria scrobiculata 25+2
Nephroma arcticum 131+14
Nephroma parile 62+9
Nephroma rufum 287
Peltigera apthosa 109 +11

Peltigera canina 145+ 11
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Tyrosinase activity

Species (umol g* dry mass h")
Peltigera didactyla 224 £11
Peltigera horizontalis 55+17
Peltigera hymenina 234 +£28
Peltigera leucophlebia 134 + 28
Peltigera malacea 85+ 15
Peltigera neopolydactyla 175+ 10
Peltigera polydactylon 151 +16
Peltigera praetextata 138 +18
Peltigera rufescens 117 +15
Peltigera scabrosa 227 +31
Pseudocyphellaria aurata 60 +13
Pseudocyphellaria gilva 19+2
Solorina crocea 131 +31
Sticta fuliginosa 78+7
Sticta cf. limbata 94 + 13
Sticta cf. sublimbata 46 + 13
Sticta sp. 123 +11
Lichens from non-suborder Peltigerineae

Anaptychia ciliaris 11+4
Bryoria simplicior 4+0
Cetraria islandica 1+0
Cladonia cariosa 61
Cladonia stellaris 31
Evernia prunastri 51
Flavocetraria nivalis 1+0
Heterodermia speciosa 4+2
Hypogymnia physodes 4+1
Parmelia cetrarioides 6+1
Platismatia glauca 542
Pseudevernia furfuracea 4+1
Ramalina celastri 13+4
Ramalina farinacea 4+1
Ramalina pollinaria 3x1
Roccella montagnei 4+2
Stereocaulon tomentosum 4+1
Umbilicaria deusta 31
Umbilicaria pustulata 71
Usnea undulata 31
Mean for suborder Peltigerineae (n = 27) 100 +13
Mean for non-suborder Peltigerineae 5+1
(n =20)

Figures are given as the mean £+ S.D., n = 3.

The mean of tyrosinase activity was 100 + 13 umol dgy mass H in species from
Peltigerineae while in lichens out of the suborBeitigerineae it appeared to be only 5 + 1
umol g* dry mass i using epinephrine as a substrate. The highessihase activity occurred
within the genuseltigera mostly higher than 100 pmof*giry mass 1. High enzyme activity
also occurred ilNephroma arcticumSolorina croceaand oneSticta species. The lichen
Anaptychia ciliarisand Ramalina celastrishowed the highest tyrosinase activity among the

lichens out of Peltigerineae, higher than 10 uriofly mass f.
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Tyrosinase activity was significantly correlatedtiwlaccase activity within the Peltigerineae
(Figure 4.1).
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Figure 4.1.Rates of metabolism of the laccase substrates ABJ &nd syringaldazine (B) in a
range of lichens are positively correlated to ratemetabolism of the tyrosinase substrate
epinephrine (P < 0.001). Each symbol denotes desspecies; filled circles (red) indicate

lichens in suborder Peltigerineae, and open ciftke®) lichens from other suborders.

Properties of tyrosinases in lichens

Lichens and leachates derived from Peltigerineae eadily metabolized L-tyrosine,
although at only approx. 10% of the typical ratbsayved with epinephrine and DOPA (Table
4.2). For example, ifPseudocyphellaria auratarates were 7 + 3 pmol'gdry mass f for
thallus disks, and 1 + 0 pumof giry mass H for leachates derived by shaking lichens in water
while the activity of tyrosinases appeared to bet68and 60 + 13 pmolgdry mass #i in
Pseudocyphellarialisks using the substrate L-DOPA and epinephriespectively (Table 4.1
and 4.2).
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Table 4.2.Extracellular tyrosinase activity éfseudocyphellaria auratasing L-DOPA and L-
tyrosine as substrates.

Tyrosinase activity
(umol g* dry mass H)

L-DOPA L-tyrosine
discs 637 7+3
leachates 4+0 1+0

Figures are given as the mean £ S.D., n = 5.

Tyrosinases and laccases could be distinguishedhenbasis of their sensitivity to
inhibitors (Table 4.3). The inhibitors cyanide, geziand sodium fluoride all strongly reduced
tyrosinase activity. Tyrosinase activity was magsistant to cyanide and azide, and while these
inhibitors reduced tyrosinase activity equally,dase activity was more sensitive to azide than
cyanide. The tyrosinase-specific inhibitor 4-hexstmeinol (0.2 mM) reduced tyrosinase

activity by approx. 20%.

Table 4.3. The effect of inhibitors on tyrosinase and laccasdivity in the lichen
Pseudocyphellaria auratalL-DOPA and ABTS were used as substrates to daterm
tyrosinase and laccase activity, respectively.

Inhibitor Enzyme activity Inhibition (%)
(umol product g dry mass H)

Tyrosinase (L-DOPA)

Control 10.8+0.4 0
2 mM NaN 24+04 77
1 mM KCN 24+04 78
40 mM NaF 1.8+0.2 84
0.2 mM Hexylresorcinol 85+0.2 21
Laccase (ABTS)

Control 175+0.6 0
2 mM NaN 04+0.1 96
1 mM KCN 25+0.1 86
40 mM NaF 0.3+£0.0 98
0.2 mM Hexylresorcinol n.d.

Figures are givea S.D., n = 4.
n.d. = notdetermined

Wounding stress strongly stimulated while desicrastress had no effect on tyrosinase

activity (Figure 4.2).
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Figure 4.2. The effect of wounding and desiccation on tyrosenactivity (measured with
epinephrine as a substrate)Reeudocyphellaria auratarhe arrow indicates the time that
material was stressed, either by cutting disks guiarters (filled circles) or by desiccating it
to a relative water content of 0.05 over 2.5 h theddenly rehydrating it (open triangles).
Open circles represent control (unstressed) méaté&mnieor bars indicate standard deviation,
n=3.

2 mM SDS stimulated tyrosinase activity of intacscd by 80% while about 50% of
tyrosinases derived from thallus discs being ‘[&t€rable 4.4). However, SDS had no effect on

laccase activity measured using ABTS.

Table 4.4.The effect of SDS (2 mM) on laccase and tyrosired®ity of Pseudocyphellaria
auratadiscs and leachates using ABTS and L-DOPA as saibst

Laccase activity Tyrosinase activity

(umol g* dry mass H) (umol g* dry mass H)
control with SDS control with SDS
discs 17+1 15+2 637 134 + 39*
leachates 4+0 31 + 3**

Figures are given as the mean + S.D., n = 3. ‘tagis significant difference at
P < 0.05 while ** signifies significant differeneg P < 0.01.
Comparisons were made between control and treatwitnSDS.

Comparison of the cellular location and moleculaagses of tyrosinases and laccases

Low activities of laccase and peroxidase, but goddinase, were detected in the non-

Peltigeralean licherFlavocetraria nivalis (Figure 4.3/A; Table 4.5). Laccase activity was
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mostly intracellular, while peroxidase activity wagually distributed between the intracellular

and the hydrophobic cellular locations.
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Figure 4.3. Cellular location inFlavocetraria nivalis(A) andPseudocyphellaria auratéB) of
laccases (open bars), tyrosinases without SDSt (4oty), tyrosinases with 2 mM SDS
(dark grey) and peroxidases (solid bars). Valueseapressed as percentages of the total
activity. C, cytosolic fraction; B1, loosely bounal the cell wall, e.g. by hydrogen bonds;
B2, bound by van der Waals forces and hydrophattieractions; B3, bound by strong
electrostatic forces; B4, bound by covalent linlag€able 4.5 gives the actual enzyme

activities. Error bars indicate the standard désmamn = 5.

Pseudocyphellaria auratdisplayed activities of all three enzymes (Figdrd/B; Table 4.5).
Laccase was located mostly in the loosely and tphrbically bound cell wall fractions.
Compared with the laccases, a greater proportiagpwos$inases occurred intracellularly. Adding
SDS stimulated tyrosinase activity in all fractioexcept those bound by electrostatic
interactions (Figure 4.3/B fraction B3, Table 4.Sgparate experiments showed that SDS had

no effect on laccase activity measured with ABTSW(E 4.4).
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Table 4.5. Activities of the enzymes laccase, tyrosinase @edoxidase in the lichens
Pseudocyphellaria auratandFlavocetraria nivalisin various cellular fractions (see text for
details). Values are expressed in pmol proddairg mass 1.

Pseudocyphellaria Flavocetraria
aurata nivalis

Laccase activity
C 9+1 0.60 £0.01
Bl 362 0.01+£0.01
B2 23*1 0.02 £0.01
B3 30 0.10+£0.01
B4 5+0 0
Tyrosinase activity — SDS
C 46 1 0
Bl 51+16 0
B2 48 + 2 0
B3 18+1 0
B4 28+ 4 0
Tyrosinase activity + SDS
C 3706 0
Bl 7910 0
B2 141 +7 0
B3 9+3 0
B4 79%5 0
Peroxidase activity
C 43+0.3 0
Bl 0 0.02 £0.01
B2 0.5+0.0 0
B3 0 0.02 £0.01
B4 0.5+0.0 0

Activities of tyrosinases are given with and witt the addition of 2 mM SDS to
the assay medium. Figures are given as the m&bD+n = 5.

Following electrophoresis, tyrosinase isolated fi@seudocyphellaria aurataisualized
with L-DOPA and epinephrine revealed one main baith a molecular mass of approx. 56
kDa (Figure 4.4)Peltigera malaceayrosinase had a molecular weight of approximatsy
kDa and also possessed a smaller amount of enzjtimewnolecular mass of approx. 160 kDa
stained by L-DOPA.
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Figure 4.4. Characterization of tyrosinases froRseudocyphellaria aurataand Peltigera
malacea A native 12.5% (A), 7.5% (B) and 10% (C) polydaryide gel was used,
tyrosinase activity was stained by L-DOPA (A, CYdagpinephrine (B). Molecular mass

markers were stained using Coomassie brilliant 6k2&0. Approximate weights of the

molecular markers and tyrosinase bands are indidateDa.

The approximate molecular masses of the isoformévetk from Pseudocyphellaria
auratawere the same in the cytoplasmic and cell watitfoms (Figure 4.5). Laccase visualized
by DMP revealed one band with a molecular weighagfroximately 165 kDa. Tyrosinase had
an approximate molecular weight of 55 kDa. Activgtaining with guaiacol was used to detect
peroxidase activity. Interestingly, some minutegraincubating the gel in guaiacol an orange
band appeared with a molecular weight of approxkBa that disappeared later; after 20 h of
incubation in distilled water another band becanséble with a heavier molecular weight of
approximately 165 kDa (data not shown). TMB wasdusetest for the presence of haem- or
copper-containing proteins such as peroxidase andate. Two greenish-blue bands were

detected at the same position as with guaiacatistawith an approximate molecular weight of

80 and 165 kDa (Figure 4.5).
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Figure 4.5. Characterization of laccase, tyrosinase and pdagei from the fractions of
Pseudocyphellaria aurataA native 7.5% (in case of laccase) and 12.5%tgimsinase and
peroxidase) polyacrylamide gel was used; laccadwitgcwere visualized by DMP,
tyrosinase activity was stained by L-DOPA and TMBEswused to detect peroxidase
activity. Molecular mass markers were stained ustwpmassie brilliant blue G250.
Different fractions are described in the legend~mjure 4.3. Approximate weights of the

molecular markers and the enzyme bands are indidateDa.

Silver staining also revealed a protein in B1 arftdvBth a molecular mass identical to that of
the activity stain (data not shown). The positiérih@se bands did not change if samples were
heated in mercaptoethanol before loading, suggestiat estimates of laccase, tyrosinase and

peroxidase molecular mass are reasonably accurate.

4.3. Discussion

Occurrence of tyrosinases in lichens

Occurrence of tyrosinases is described in many ifunguding some ascomycetes
(Kupperet al, 1989; Nakamurat al, 2000; Selinheimet al, 2006) but interestingly there are
no reports of the presence of tyrosinases in lish@he main finding of this study is that in
addition to laccase activity, high extracellularasinase activity occurs in lichens in the

Peltigerineae (Table 4.1 and Figure 4.1). It wassjtide to distinguish tyrosinase activity from
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laccase activity based on several observations,catisistent with the characteristics of
tyrosinases from free-living fungi (Halaowdt al, 2006). These include the ability of lichens
and their leachates to readily metabolize clasgrosinase substrates such as L-DOPA,
epinephrine and L-tyrosine (Table 4.1 and 4.2). Ttter is the most specific compound to
tyrosinase (Muelleret al, 1996). Almost all lichens belonging to subordesltigerineae
displayed significant oxidation of tyrosinase sufigts (Table 4.1). Similar to the results of
assays of laccase activity, the highest tyrosirmasieity occurred within the genueltigera
Interestingly, two lichens from other suborder, tllnen Anaptychia ciliarisand Ramalina
celastri displayed moderate enzyme activities. Zavarzind Zavarzin (2006) reported that
Solorina croceaseemed to be the most active producer of the watable enzyme, in case of
both laccase and tyrosinase. However, we found malgerate production of tyrosinase (131 *
31 umol ¢ dry mass H) while laccase activity irBolorina showed one of the highest rates
between the studied species (Table 3.1).

Our results showed that tyrosinase activity washia@antly correlated with laccase
activity within the Peltigerineae. Guillaat al. (2000) suggested that laccases catalyse a neactio
which produces superoxide radicals,(O that can break down ta® (for more details see
Chapter 1). Interestingly, Beckett and Minibaye28Q7) reported that tyrosinase activity was
considerably correlated to the rate ofC- breakdown. Therefore it is possible that the laeca
catalysed extracellular &, production can be break down by lichen cell walbsinases from
suborder Peltigerineae at least in a certain degrea catalase-like reaction (Beckett and
Minibayeva, 2007).

As no reports of tyrosinases exist in free-livingusobacteria or algae, it seems most likely that
the lichen mycobiont being responsible for tyrossaynthesis. Results presented here are
consistent with the findings of Zavarzina and Zaira2006) who deduced the presence of
tyrosinase based up colour changes following thaliGgiion of tyrosinase substrates to the

lower (exclusively fungal) thallus surface.
Properties of tyrosinases in lichens

Our results show that lichens from the subordetigezineae could oxidise the three
typical tyrosinase substrates; L-DOPA, L-tyrosimal a&pinephrine (Figure 4.6, Mayer, 1987,
2006; Claus and Decker, 2006). We found that theabion rate of L-tyrosine was much lower
comparing to the oxidation rate of L-DOPA and epiméne (Table 4.1 and 4.2) as it was

observed in the reports of Zavarzina and ZavarZ00§) and Lisovet al (2007).
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Figure 4.6. Structures of phenolic compounds used in the sofdgubstrate specificity of

tyrosinase.

It is well known that tyrosinase can only oxidipetho-diphenols andpara-monophenols
(Messerschmidt, 1997). The structure of phenolimpounds may indicate the degree of
oxidation by tyrosinase enzyme as was shown in cilsecases in Chapter 3. Our observations
suggest that thertho-position of the —OH groups in case of L-DOPA amihephrine may
cause greatest oxidation extent by tyrosinase mrast to L-tyrosine that is prmonophenol
(Figure 4.6).

Many inhibitors of tyrosinases have been reporfed,example sodium azide, copper
chelators, gallic acid, kojic acid, some flavanatgl 4-hexylresorcinol (4HR) (Ratcliffet al,
1994; Burton, 2003; Mayer, 2006; Lis@t al, 2007). Our results show strong inhibition of
lichen tyrosinases by cyanide, azide and fluorédaexylresorcinol also inhibited tyrosinase
that compound is a specific inhibitor of tyrosingsehich is useful for differentiating between
laccase and tyrosinase (Dawley and Flurkey, 19®aton, 2003). Dawley and Flurkey
(1993b) reported that 100 uM concentration of 4kiRsed 90% loss of mushroom tyrosinase
activity. However, 4HR was not as effective on dinhtyrosinase as on mushroom tyrosinase

because it reduced enzyme activity by approximé&e®p (Table 4.3).

Interestingly, both wounding and desiccation insegh laccase activity while only
wounding caused strong activation in tyrosinaseviaci(Figure 4.2). As mentioned in Chapter

3, the leakage of cytoplasmic enzymes cannot bexpkanation of the stress-induced increases
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in activity. Mayer (2006) suggests that wounding cause localized acidification which results
in conversion of a latent to an active enzyme. Hmuethe mechanisms for such fast increases
in activity could include activation by modifyingrgiein conformation and many other

mechanisms (Larrondet al, 2003).

Many fungal and plant tyrosinases (about 60-90%hef total enzyme) are present in
latent forms and can be activated by SDS, protelgsid shock or by stresses (van Geleter
al., 1997; Mayer, 2006). Latent form of tyrosinasesmss to be very stable but it becomes more
sensitive to temperature and pH after activatioddéshall, 1995). SDS activation has been
widely reported for different fungal and plant tgirmases (van Geldet al, 1997; Halaouliet
al., 2006; Maruselet al, 2006). Our results show that lichen tyrosinasas be also strongly
activated by SDS (Table 4.4) but the mechanismnighown. The activation mechanisms of
fungal and plant tyrosinases is also unclear today, has been attributed to the slow
conformational enzymatic changes, solubilizationtted enzyme or removal of an inhibitor
(Mayer and Harel, 1979; van Geldet al, 1997; Espin and Wichers, 1999; Halaaetlial,
2006). However, Ichishimat al. (1984) suggested that two endogenous serine ga@geare
involved in the activation oAspergillus oryzadyrosinase. Activation of latent forms may also
allow fungi to increase tyrosinase activity rapidiy response to stresses such as wounding
(Figure 4.2).

Separation of tyrosinases from laccases on thesli#ssome biochemical properties

Cellular fractionation and molecular weight estiesatwere carried out to distinguish
tyrosinases and laccases. The cellular locationdactases and tyrosinases were clearly
different (Figure 4.3; Table 4.5); while most laseactivity was in the cell wall, a much greater
proportion of tyrosinase was intracellular. Celtufeactionation of other species (data not
shown) indicated thaPeltigera spp. displayed similar patterns Rseudocyphellariawhile
Cladoniaspp. was similar to those Bfavocetraria It was also found that small but significant
amounts of enzymes were released simply by shdkihgns in water, foPseudocyphellaria
aurata corresponding to approx. 0.8 and 0.4% of the to#dlular activities of laccases and
tyrosinases, respectively. These activities weabgly released in the first supernatant of the
cellular fractionation, and therefore included e tcytoplasmic fraction ‘C’. While these
activities are too small to influence the enzymérithistion presented in Figure 4.3, in the field

continual release of small amounts of redox enzyeoesd be important for lichens.
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PAGE separation of cytosolic and cell wall fracdofrom Peltigera malacaeaand
Pseudocyphellaria auratshowed that a band with a molecular mass of app8Ox kDa
appeared within minutes of incubation in the tynase substrates L-DOPA and epinephrine
(Figure 4.4). This mass is similar to those rebfte other ascomycete tyrosinases (van Gelder
et al, 1997; Halaoulet al, 2006; Maruselet al, 2006). The approximate molecular mass of
the laccases fromeltigera malaceavas much higher at well over 300 kDa (Figure 3m8)ile
the laccase frorfPseudocyphellaria aurathad a molecular mass of approx. 160 kDa (Figure
5.2). Interestingly, after incubating gels for sedéhours with DOPA, faint bands appeared at
the same location as those of the laccase bandalizisd by DMP, suggesting that lichen
laccases have a limited ability to metabolize DORANnversely, even after incubation of the
gels for several days, DMP never visualized thees@ands as DOPA. Similar phenomenon
was detected using guaiacol staining that is sipetifr peroxidase and also an important
substrate of laccases.

Separation of the laccases and tyrosinases wasvachby gel filtration chromatography,
and substrate specificity was tested that are lglatistinguished laccases from tyrosinases
(experiments were carried out by R.P. Beckett enl#boratory of the Biocenter Klein Flottbek,
University of Hamburg). Size exclusion chromatogmapSEC) of concentrated cell wall
enzymes fronPeltigera malaceaevealed one broad peak of laccase activity withokecular

mass of ca. 380 kDa, and one sharper peak of hassiactivity (Figure 4.7) with a mass of ca.
60 kDa.
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Figure 4.7.Elution profiles of the activities of laccase @gsd with ABTS as a substrate) and
tyrosinase (assayed with epinephrine as a substitaten Peltigera malaceaafter size

exclusion chromatography. Units are umoles of satestmetabolized MImin™.



80

The molecular mass of the laccase fri@eitigera malaceabtained by SEC was similar to that
estimated by electrophoresis, suggesting that legtrephoretic estimates of molecular masses
are reasonably accurate. Further, SEC clearlyndsished laccase from another multicopper

oxidase, tyrosinase (Figure 4.7, Table 4.6).

While some overlap in substrate specificity ocadirfeactions that comprised the laccase peak
readily metabolized the normal laccase substratd® ,DABTS and guaiacol but only poorly
normal tyrosinase substrates such as L-tyrosiieQRA and epinephrine (Table 4.6). Fractions
derived from the tyrosinase peak readily metabdlizermal tyrosinase but not laccase
substrates (Table 4.6).

Table 4.6.The metabolism of laccase and tyrosinase substbgtBeltigera malacedeachates
separated by size exclusion chromatography.

Tyrosinase
Laccase peak eak
Substrate € A pH activity agtivit
(units min* civity
mi”eluate) (unllts min
ml~eluate)
Laccase substrates
DMP 14.8 A7z 6 33+3 1+1
ABTS 36 Aizo 5 56 +£12 4+0
Guaiacol 26.3 Ao 6 0.80 + 0.03 0.03 +0.05
Tyrosinase substrates
L-tyrosine 3.3 Ago 7 0+0 23+1
L-DOPA 3.6 As 6 200 620 + 10
Epinephrine 4.5 Ao 7 60 +10 1690 + 30

Figures are given * the standard deviation, n = 5.

These results confirm our earlier conclusion (bamedubstrate specificity and sensitivity of
unpurified leachates) that both oxidases occurhia ¢ell walls of lichens from suborder
Peltigerineae. Substrate specificities measurawydsactions derived from the peaks of laccase
and tyrosinase activities were entirely consisteitih published substrate preferences for these
enzymes (Table 4.6) (Baldrian, 2006; Hala@tlal, 2006). Precise estimates for the molecular
masses of the active forms of laccases are oftéautl, because as is typical for many secreted
enzymes, laccases are heavily glycosylated (\&trki,, 1999). Each “isoform” is glycosylated

to various extents, and this will cause variationriolecular mass. This is almost certainly the
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cause of the broad peaks of laccase activity fdetldwing size exclusion chromatography
(Figure 4.7) and the broad, smearing bands visalipllowing electrophoresis (Figure 4.4,
4.5). Nevertheless, our results suggest that utifikelaccases of free-living fungi that usually
occur as monomers (Baldrian, 2006), in lichensdaes occur as a variety of much higher
molecular mass oligomers. However, a transient B8 kand appeared in the gel stained by
guaiacol (data not shown) that might indicate a omoeric laccase irPseudocyphellaria
aurata The latter is more likely and is supported by TNHHgure 4.5) and silver staining
(Figure 5.2).

4.4. Conclusions

This section of our study suggests that signifidggrasinase activity occur in lichenized
Ascomycota, in suborder Peltigerineae. Tyrosinaseity significantly correlated with laccase
activity. Co-occurrence of laccase and tyrosinasgymes in lichens from suborder
Peltigerineae may contribute to the characterigifcBeltigerineae’s members such as the fast
growth rates and high metabolic activity. Rastal (2003) reported that tyrosinases are
ubiquitous and mostly cytosolic enzymes but in saases it can occur extracellularly as it
happened in our study. Most of the tyrosinasesgamsms are in latent form that has probably
a very important role in the protection mechanismgainst stress (Mayer, 2006). Beckett and
Minibayeva (2007) and Beckedt al. (2008) suggested that catalase-like tyrosinaseitsicare
might involved in the protection of lichens agaitis¢ harmful effects of ROS produced by
laccases. This suggestion is supported by thetseasl tyrosinase activity was significantly
correlated with laccase activity within subordeltiBerineae. However, tyrosinases are very
diverse in many of their properties, distributia@ejlular location and function (Mayer, 2006).
Tyrosinases cluster in groups for bacteria, fuagimals and higher plants and within these
groups the homologies are considerably higher liedween them (Wicheet al,, 2003; Mayer,
2006).



CHAPTER 5

DIVERSITY OF LACCASES IN LICHENS

Hoefer Mini-Vertical Electrophoresis System wasdigeperform polyacrylamide gel
electrophoresis.
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5.1. Introduction

The aim of the work described in this chapter veashiaracterize the diversity of laccases
from a range of lichens from the suborder Peltiggae with respect to such parameters as
absorption spectra and approximate molecular nizissovery of new laccase isoforms could
further extend the useful applications of theseymms. Determination of the taxonomic
distribution and characteristics of laccases wélldssential to understand the biological roles of

these redox enzymes in lichen physiology.

5.2. Results

Absorption spectra of laccases from different litkpecies

As has been noted in many studies, laccase solaéinrbe coloured (Leontievslet al,
1997a, b). Following concentration, leachates becaariously pigmented, but in most cases
were either creamy-yellow or blue (Table 5.1). $g®in which leachates became clearly blue
following concentration had a definite absorptioraximum at 614 nm (e.gLobaria
scrobiculata Figure 5.1/B) indicating a typical laccase typ€d atom. Even in species where
the leachate was not obviously blue (e@pllema flaccidumFigure 5.1/C), careful inspection
of absorption spectra revealed a small peak ah@l4However, this peak appeared completely
lacking in some species with cream-colored conetedr leachates (e.g2seudocyphellaria
aurata andSolorina croceaFigure 5.1/A, D). A peak of absorption around 320, indicative

of a typical laccase type 3 Cu atom was often olesk(Figure 5.1).
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Figure 5.1. Absorption spectra of concentrated leachates f&ymseudocyphellaria aurata)

Lobaria scrobiculataC) Collema flaccidunand D)Solorina crocea

Approximate molecular mass of laccases occur helis

Lichen laccases show considerable diversity. Wiadchates derived from all lichens

tested displayed some laccase activity, actuad naiged greatly between species (Table 5.1).

Table 5.1. Approximate molecular masses of lichen laccased, their colour, activity and
recovery following concentration in a range of &cis.

Approx. Colour of Laccase Recovery
Species molecular concentrated  activity (umol (%)
mass (kDa) leachates product ¢ dry

mass H, n = 5)

Lichens from suborder Peltigerineae

Collema flaccidum 75, 160, 240 pink 23+4 122 + 20
Lobaria pulmonaria 140 blue 755 51+11
Lobaria scrobiculata 175 blue 336 24 +4
Nephroma arcticum 300 yellow 611 50+ 6
Nephroma rufum 190 yellow 4+1 25+3
Peltigera canina 310 pinkish purple 34+£3 6817
Peltigera leucophlebia 200 yellow 49 +2 24 +£2
Peltigera malacea 340 blue * *

Peltigera neopolydactyla 150 yellow 38+3 32+3
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Approx. Colour of Laccase Recovery
Species molecular concentrated  activity (umol (%)
mass (kDa) leachates product g dry
mass i, n = 5)
Peltigera polydactyla 200 pinkish yellow 45+ 4 69 + 10
Peltigera praetextata >350 blue 84+2 60+5
Peltigera rufescens 340 yellow 65+2 3212
Peltigera scabrosa >350 blue 21+3 43+3
Pseudocyphellaria aurata 160 yellow 9+1 100+7
Pseudocyphellaria gilva 160 yellow 3+0 3312
Solorina crocea 135 yellow 571+£10 12+1
Sticta cf. limbata 135 cream 61 100+5
Stictasp. 155 cream 13+2 77+6
Sticta fuliginosa 160 cream 28+6 54 +13
Stictacf. sublimbata 165 cream 9+0 22+1

* not determined
Figures are given as the mean, n = 4.

Stability of laccases during concentration alsdedhigreatly; some lost almost 90% of their
activity, while in others recovery was 100% (Tal#el). Electrophoretic estimates of
approximate molecular masses showed that the a¢tue of the laccases also varied
considerably between species (Table 5.1). Masseatagr than 350 kDa were difficult to
estimate directly, and are therefore indicated ablé 5.1. as > 350 kDa. Apart froGollema
flaccidum Nephroma arcticumand many of the lichens in the Peltigeraceae, apgrox.
molecular masses of extracellular laccases varedgden 135 and 190 kDa (Table 5.1; Figure
5.2). Generally, the laccases from lichens withe Peltigeraceae had the highest masses within
the Peltigerineae, varying from 200 to over 350 kBithough the approximate mass of the
laccase fronSolorina croceawas 135 kDa (Figure 5.2/F), resembling those didns from
other families. All species appeared to contairy ame laccase isoform, with the exception of

Collema flaccidunwhere DMP visualized three bands (Table 5.1).
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Figure 5.2. Characterization of laccases from A, Beltigera rufescens C, D)
Pseudocyphellaria auratak) Sticta cf. limbata F) Solorina croceaand G) Lobaria
scrobiculata Native 6% and 7.5% polyacrylamide gel was used, laccases visualized
with TMB (A, E) and DMP (B, C, F, G) while laccas@nomer was indicated by Silver
staining (D). Molecular mass markers were staineidgiCoomassie brilliant blue G250.
Masses of the molecular markers are indicated aatuleT5.1 presents the approximate

molecular masses of the laccases.

5.3. Discussion

Concentrated lichen leachates had a variety ofucsl¢Table 5.1). For full catalytic
activity, laccases need a minimum of four Cu atgus active protein unit: a “Type 1" or
paramagnetic “blue” Cu, responsible for absorlmat 614 nm; a “Type 2” or paramagnetic
“non-blue” Cu; and a “Type 3” or diamagnetic Bpcoupled Cu-Cu pair, responsible for
absorbance at 320 nm (Claus, 2004). Many, but Ihtgeechates had strong laccase activity but
were not blue following concentration (Table 5.iguUfe 5.1). The results are comparable to
those of Lisowet al (2007), who found an absorption peak at 614 nexinacts fronSolorina
croceabut notPeltigera apthosalLaccases from some free-living fungi lack theralgeristic
blue colour originating from type 1 Cu, and haverbéermed “yellow” or “white” laccases
(Leontievskyet al, 1997a, b). These laccases appear to form asudt & the binding of
aromatic products of lignin degradation with theeblaccase. It has been suggested that the
aromatic products may act as “mediators,” assgstin the oxidation of non-phenolic

compounds. Some lichens apparently contain yelbsedses, and it will be interesting in the
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future to test whether these species have an eetlaability to metabolize non-phenolic

compounds compared to species that containingdlplae laccases.

Results presented here clearly show that diveesitgts within the extracellular laccases
from lichens in the suborder Peltigerineae withpees to enzyme activity, stability during
concentration and molecular mass (Table 5.1). Withe species sampled, no obvious trends
existed between habitat preference and the taxanaffinity of a species and the activity or
stability of the laccases in its leachates. Howelgforms with the highest molecular masses
seem to occur in the Peltigeraceae, a family thah$ a separate clade in recently published

phylogenies of suborder Peltigerineae (e.g., Mkaaliska and Lutzoni, 2004).

Free-living fungi typically contain laccases tharyin mass between 60 and 70 kDa (Baldrian,
2006), but lichen laccases are heavier (Table Eigure 5.2). However, even in free-living
fungi, laccases with higher molecular mass havagiooally been reported, particularly from
the Ascomycetes, e.g., 190 kDa f8aeumannomyces graminjEdenset al, 1999) and 383
kDa for Podospora anserinéMiolitoris and Esser, 1970; Durrens, 1981). Therap. molecular
mass of the active form iReltigera malaceavas 340 kDa (Table 5.1). Denaturing gels run
with this laccase, separated from other proteingsbglectric focusing, revealed a single band
with a molecular mass of 85 kDa, indicating tha #ctive form is a tetramer (see Chapter 3). If
a monomer of ca. 85 kDa is common throughout thiggeaneae, then the active forms of most
extracellular laccases in this suborder are prgbatther dimers or tetramers. Comparing the
molecular masses obtained here with those repdugedisov et al (2007), our estimate for
Solorina croceawas similar, while our estimate fBeltigera leucophlebiaesembles that of the
related speciePeltigera apthosaeexamined by Lisowet al. Interestingly, Lisovet al. (2007)
reported the existence of lighter, apparently momaenlaccase isoforms i. croceaandP.
apthosa In the present study, with the exceptionGafllema monomeric isoforms were never
observed. Possibly the lighter isoforms were attefaecause, apart from being not present in
all samples of a particular species, Lisial (2007) apparently stored their lichens for selvera

months at room temperature, and also prepareditioeiases by grinding up thalli.

The approximate molecular masses of the laccaserise were the same in the cytoplasmic
and cell wall fractions (Figure 4.5 in Chapter BRunning electrophoretic gels with higher (>
12.5%) and lower (< 5%) concentrations of polyaammyide did not indicate the existence of
lower and higher molecular mass isoforms. Intengbti we found laccases with identical

molecular masses in the same species collectedtfrersame and different localities. At least
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in the four species examined, extracellular lacaas®rms appear not to vary in molecular

mass between locations differing in climate.

5.4. Conclusions

While almost all lichens in the Peltigerineae theve been tested display some
extracellular laccase activity, species vary gyeatlthe amount of activity, stability and the
types of laccases that they produce (Table 5.1).oNdous correlations can be discerned
between on the one hand laccase activity, moleco#ss and colour following concentration,
and on the other species characteristics such e®mbitat (e.g., whether a lichen tends to
grow on soil, rocks or bark) or taxonomic positidmerefore, the roles of laccases in lichen
biology remain to be discovered. Further microcbim@zation will enable us to learn more
about their functions, and also their affiliationtiwlaccases from free-living fungi. The
considerable diversity that exists in extracellllehen laccases suggests that they may have

more than one role in lichen biology.



CHAPTER 6

DECOLOURIZATION OF SYNTHETIC DYES BY LICHENS

Decolourization of Remazol Brilliant Blue R by celall redox enzymes including laccases

from Peltigera leucophlebiandPeltigera rufescendiscs.

Decolourization of Acid Red 103 by cell wall redemzymes including laccases fréaltigera

leucophlebiaandPeltigera rufescendiscs.
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6.1. Introduction

Laccases have broad range of application in biokogy (Morozovaet al, 2007a).
These redox enzymes can produce free radicalsglthr@ir catalytic processes (Guillen al.,
2000; Morozovaet al, 2007a). During the last decade, most studietindewith the use of
laccases to decolourize dyes, especially syntigts, have been experiments carried out in the
presence of redox mediators (e.g. Young and Yu71l@auset al, 2002; Baldrian, 2004;
Baldrian and Snajdr, 2006; Eichleroed al, 2006). Redox mediators are required in many
laccase-catalysed reactions where the substrateelnasiigh redox potential, and therefore the
mediator is needed to facilitate the reactions {@ur2003). Up to now, more than 100 possible
mediator compounds have already been described, faitural and synthetic, but the most
commonly used are still ABTS and 1-HBT. Johannek Majcherczyk (2000) suggested that it
IS very important to choose the proper mediatorstrize because it plays a key role in the
general applicability and effectiveness of the ésecmediator system (LMS, for more details
see Chapter 1.2.5). Synthetic dyes are extensissgg in industrial processes such as dying and
printing. These commercial dyes have high stabitay light, temperature, detergent and
microbial attack (Rodrigueet al, 1999). About 10-15% of the total dye used islisged into
the environment where under anaerobic conditioesitidustrially important dyes (e.g. azo
dyes) can decompose into mutagenic and/or caramogemines (Young and Yu, 1997;
Rodriguezet al, 1999; Claugt al, 2002).

Ligninolytic enzymes are able to degrade differegriobiotic compounds including polycyclic
aromatic hydrocarbons, polychlorinated biphenyld synthetic dyes (Baldrian, 2004). Most of
the studies with biodegradation of synthetic dyagehinvolved the enzymes lignin peroxidase,
manganese dependent peroxidase and laccase. Ladtase relatively low redox potential
(430-800 mV) that allows the degradation of low medpotential compounds without the
addition of hydrogen peroxide but not the oxidat@nmore recalcitrant aromatic compounds
such as some synthetic dyes or polycyclic arontgtitrocarbons except when redox mediators
are used (Baldrian, 2006; Morozoea al, 2007b). The optimal redox mediator should be a
good laccase substrate with cyclic redox converggme Figure 1.8 in Chapter 1), and the
oxidized and reduced forms of the substrate musitdigle and must not inhibit the enzymatic
reaction (Johannes and Majcherczyk, 2000; Morozival., 2007b). Investigations have been
carried out mostly with the basidiomycetelsanerochaete crysosporiyfirametes versicolor
Pleurotus ostreatusind the ascomycetdyceliophthora thermophilgYoung and Yu, 1997;
Johannes and Majcherczyk, 2000; Claual, 2002; Kaushik and Malik, 2009). The aim of the
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present study was to test the ability of lichenslégolourize synthetic dyes in the presence or
absence of mediators. Lichens from the subordetigesheae and from non-suborder

Peltigerineae were chosen as well species thabtpassess ligninolytic enzymes. The latter
species were used to test whether non-Peltigerdiela@ns may contain oxidases other than

ligninolytic enzymes can cause decolourizationyottisetic dyes.

6.2. Results

Decolourization of synthetic dyes by lichen leaebat

The ability to decolourize different synthetic dy@sble 6.1) by crude laccase containing
leachates from a range of lichen species at pHwa® assessed in this part of the project.
Decolourization was monitored by lichen leachatésPeeudocyphellaria aurataCollema
flaccidum Lobaria scrobiculata Peltigera rufescensand Sticta cf. sublimbatdrom suborder

Peltigerineae.

Table 6.1. The absorption maxima and type of synthetic dyssduin our decolourization
experiments.

Name Dye type Amax (nm)
Acid Blue 74 indigoid 610
Acid Red 103 quinone-imine 505
Chicago Sky Blue 6B diazo 620
Fast Green FCF triarylmethane 625

Remazol Brilliant Blue R anthraquinone 590

No differences in the decolourization rate of vasiadyes existed between the control and
Pseudocyphellaria auratdeachates without mediator (Figure @1/C]). However, 1-HBT
inhibited rather than activated decolourizationg(ffeé 6.1, A). Similar results were found
using RBBR, Acid Blue 74, Acid Red 103 and Fast @aré-CF with Collema flaccidum

Lobaria scrobiculataPeltigera rufescenandSticta cf. sublimbatéeachates (data not shown).
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Figure 6.1. Degradation of the synthetic dye Remazol Brillighie R (A), Acid Blue 74 (B),
Acid Red 103 (C) and Fast Green FCF (D)Aseudocyphellaria aurateeachates. Amount
of dye in controls (dyes without lichen leachat®® indicated by solid square without the
mediator 1-hydroxybenzotriazole (1-HBTHY and with 1-HBT it was followed by solid
triangle (A). Treatments containing lichen leachates they slmewed by open square
without the mediator 1-HBTL{) and with 1-HBT it was demonstrated by open triang
(A). Points are indicated by the average of thredicagps while error bars show the

standard deviation.

Interestingly, the only leachate that showed paemd decolourize a dye was derived from
Sticta cf. sublimbataThis species decolourized the dye Chicago Sky HB within 48 h
without and with mediator (by around 16 and 38%pestively, Figure 6.2).
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Figure 6.2. Decolourization of Chicago Sky Blue 6B Byicta cf. sublimbatéeachate. Controls
(dyes without lichen leachate) without and with B-Hare indicated by solid square and
solid triangle up M, A), respectively while lichen leachates without avith 1-HBT are
showed by open square and open triangle [Up 4\), respectively. The data represent

means of three replicates while error bars inditaestandard deviation.

Decolourization of synthetic dyes by lichen discs

Discs of the lichens from suborder Peltigerineag species belonging to other suborders
(Cetraria islandica Flavocetraria nivalis and Cladonia stellari3 were used directly in
decolourization experiments using different typepdés. As shown in Figure 6.3, all dyes tested
were decolourized by the discs BEltigera rufescensand Cetraria islandica Interestingly,
enzymatic decolourization occurred at a higher after 6 h of incubation in RBBR and Acid
Blue 74 inC. islandica(Figure 6.3/A, E) compared . rufescensChicago Sky Blue 6B and
Acid Red 103 were decolourized to a greater extgmi. rufescengFigure 6.3/C, G and D, H).
In case of the latter two dyes 1-HBT was used adiat@r to increase the decolourization rate.
1-HBT had a significant effect on the rate of decwization of the azo dye Chicago Sky Blue
6B and the quinone-imine type of dye Acid Red 1B@re 6.3/C, G and D, H) using bdth
rufescensandC. islandicadiscs. Chicago Sky Blue 6B was decolourized togiteatest extent

but the degradation of all tested dyes were inceteFigure 6.3).
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Figure 6.3. Decolourization of dyes by discs &kltigera rufescensand Cetraria islandica
Four different dyes were used: Remazol BrillianudIR (A, E), Acid Blue 74 (B, F),
Chicago Sky Blue 6B (C, G) and Acid Red 103 (D, HMinount of dye in controls (dyes
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without lichen discs) are indicated by solid squarthout the mediator 1-HBTH) and
with 1-HBT it was followed by solid triangle&). In lichen leachates they are showed by
open square without the mediator 1-HBT)(and with 1-HBT it was demonstrated by open
triangle (). Points are indicated by the average of thre@caps while error bars show

the standard deviation.

All lichens tested could decolourize synthetic digesome extent, but the most efficient overall
was the lichenCollema flaccidum(Figure 6.4). The dye RBBR was the most efficientl
decolourized dye, being decolourized by 30-70%r &f8&h followed by Acid Blue 74 (around
20-65% after the same period) in all tested spedike decolourization of Acid Red 103 and
Chicago Sky Blue 6B were investigated without arith\i-HBT. The quinone-imine dye Acid
Red 103 was significantly decolourized by all lintdiscs tested within 24 h in the presence and
absence of 1-HBT (Figure 6.4). The greatest prapouf dye decolorized was almost 90% and
was observed after 48 h of incubation in case abfeln discs fronLobaria scrobiculataand
Sticta cf. sublimbataChicago Sky Blue 6B was highly decolourized @gllema flaccidum
(higher than 80%) and the extent of the dye dedi@ualid not change using the redox
mediator 1-HBT. In case ofladonia stellaris 1-HBT rather inhibited than increased the
degradation rate of Chicago Sky Blue 6B. In all titeer lichen species tested significant
increases were found in the decolourization of @dpc Sky Blue 6B in the presence of a

mediator (Figure 6.4).
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Figure 6.4. Decolourization percentage of different synthetyes by cell wall redox enzymes
including laccases from a range of lichens disgg@sand mediator are indicated on y-axis.
Bars show the time of the decolourization procestesblack bar corresponds to 3 h of
degradation, then successive bars to 6, 24 and dB degradation. Bars represent the
average of three replicates while the error badeate the standard deviation.
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6.3. Discussion

General discussion

The textile industry and the dye manufacturing stdu both produce high volumes of
effluents containing a mixture of different type afes (Revankar and Lele, 2007). Dyes are
very stable compounds, and are therefore diffitaltremove by conventional biological
processes such as activated sludge treatment (\&fathgruen, 1996). Ligninolytic enzymes
derived from ligninolytic organisms are capablecafalyzing the oxidation of various types of
dyes such as azo, heterocyclic, reactive and polgndyes (Novotnyet al, 2004a). The
potential of lignolytic enzymes from a range of guto decolourize have been reviewed several
times (Wesenbergt al, 2003; Kaushik and Malik, 2009). These enzymeduding laccases,
have many advantages that make them suitable tvade a wide variety of compounds such
as dyes; they are produced extracellularly and lwad non-specifically to their substrate
making it possible to use them in a broad rangeappfications (Kaushik and Malik, 2009).
These authors suggested that variations in therstdspecificity of the ligninolytic enzymes
determine the overall efficiency of decolourizatiohdifferent dyes by the same enzymes. In
addition to laccase, lignin and manganese perogjdashas been reported that cellobiose
dehydrogenase (CDH) has also an important role h@a tlecolourization of azo and
anthraquinonic dyes due to its ability to indirgagenerate free hydroxyl radicals in a Fenton
type reaction (Vanhullet al,, 2007; Ciulliniet al, 2008). The enzyme adts vitro synergism
with laccases. However, we have never detected @Didhens. Most of the studies deal with
the decolourization of dyes by fungi recommended the processes are more effective in the
presence of redox mediators (Nagaal, 2002; Baldrian, 2004; Couto, 2007), and arecadie
by culture and effluent conditions (derived fromtiie industry) such as pH, temperature, initial
dye concentration, dye class, media componentg&jrahatc. (Kaushik and Malik, 2009). Dyes
having higher redox potential than laccase canmotdivectly degraded by laccases, and
therefore a redox mediator (such as 1-HBT, Figukg & needed to perform the oxidation

process.
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Figure 6.5.The structure of 1-hydroxybenzotriazol (1-HBT).

In the first step, laccases oxidize the redox mediahrough either a one-electron oxidation of
substrate (Bourbonnagt al, 1998) or withdrawal of an H-atom from the suéitsts (Fabbringt

al., 2002). The latter process is operated in caselBT (Figure 6.6). The resulting cation
radicals posses higher redox potential than laceask co-oxidize the substrates/dyes (see
Figure 1.8 in Chapter 1, Claesal, 2002; Ciulliniet al., 2008).

ch =0 — OO

Figure 6.6.HBT-radical pathway (taken from Welk al, 2006).

The laccase/HBT system is generally more effedinan laccase alone, since the free-radical
HBT species formed by the action of laccase onaeduHBT is a stronger oxidant than laccase
itself (Ciullini et al., 2008).

Various types of dyes (0.01% final concentratioeyevused at pH 7.0, and dye solutions
were shaken during the experiments (see in Maseaiatl Methods, Chapter 2). The optimum
pH for dye decolourization of laccases and othddaike enzymes lies in the acidic range
where the enzymes show very high activity (pH &&pdanet al, 2000; Parshettt al, 2007,
Asgheret al, 2008). However, Yesiladat al (2002) and Ciulliniet al (2008) found better
decolourization rate in the pH values ranging frénio 11. Nevertheless, most wastewaters
from textile industries are characterized by a radub alkaline pH (around 7-11) (Manu and
Chaudhari, 2002). It is well known that initial dy®ncentration has strong effect on the
decolourization process. Many studies indicate thatrate of decolourization was inversely
related to the concentration of dye in solutionf@net al, 2000; Parshetgt al, 2007). The

rate of decolourization is also affected by shakhegeffluent. It has been reported that shaking
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conditions (100-150 rpm) are better for higher ooloemoval and for faster and complete
adsorption because of better oxygen transfer arident distribution as compared to the
stationary cultures (Jarosz-Wilkolaz&hal, 2002; Yesilad&t al, 2002; Parshetst al, 2007).
However, in contrast to the favourable effect aikshg on colour removal in decolourization
processes higher enzymatic activities can be obdeiw static conditions (Novotngt al,
2004b; Kaushik and Malik, 2009). The chemical dutes of the dyes (Figure 6.7), especially
their electron distribution and charge density,edeine the extent to which they can
decolourize, and the rate of their decolourizatiPasti-Grigsbyet al, 1992; Ciulliniet al,
2008). The effect of the chemical structure of dyékbe discussed below.

Decolourization of synthetic dyes by lichen leaebatnd discs

In the present study, dye decolourization ratesxtfacellular leachates and discs were
tested in both Peligeralean speci®sgqudocyphellaria aurataCollema flaccidum Lobaria
scrobiculata Peltigera rufescensnd Sticta cf. Sublimba)aand also some non-Peltigeralean
lichens Cetraria islandica Flavocetraria nivalisand Cladonia stellari3. Leachates from the
Peligeralean, but not the non-Peltigeralean spewiesld have contained laccases and
tyrosinases. Interestingly, none of the lichen ledes could decolourize the dye RBBR, Acid
Blue 74, Acid Red 103 and Fast Green FCF. Howevkigcago Sky Blue 6B was significantly
decolourized bysticta cf. sublimbatéut not by other lichen leachates (Figure 6.2)s Thvery
interesting becaudeeltigera rufescenkachates had much higher laccase activity cordpare
Sticta Possibly Sticta has both laccases and other extracellular enzgidaSes that can
decolourize synthetic dyes. The mediator 1-HBTrwtlincrease the decolourization.

Decolourization of synthetic dyes by lichen disavey higher rates of degradation,
possibly because they contained natural mediatogsept in lichens and/or contain other
extracellular oxidases. All lichens could to soméent decolourize dyes tested, but their
efficiency varied (Figure 6.3 and 6.4). Interesyntichens from non-suborder Peltigerineae
such as the liche@etraria islandica Flavocetraria nivalisand Cladonia stellariscould also
degrade synthetic dyes (Figure 6.3 and 6.4). Irc#se of lichens from suborder Peltigerineae it
seems most likely that decolourization can belatted to laccase with or without mediators.
The application of laccases to biotechnology isittiglinked to their ability to produce free
radicals during their oxidation reactions (reactigriMorozovaet al, 2007a). Autoxidation of,
for example, semiquinones produced by laccases (&ugjlen et al, 2000) will lead to

extracellular @ production.

A4QH, + O, — 4Q-~ + 2D + 4H (1)
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We presume that in non-Peltigeralean lichens othembrane or cell wall oxidases may
participate in dye decolourization processes irilamwvay to laccases through the production of
free radicals. In the cell wall and plasma membrasteonly laccases but other oxidases such as
the plasma membrane bound enzyme NAD(P)H oxidaseoaalate oxidase can also form
extracellular superoxide (reaction 2; Bolwetlal, 1998; Guilleret al, 2000; Martinezt al,
2000; Delannot al, 2003; Luthjest al, 2009; Oracet al, 2009).

0,460y 2)

NAD(P)H oxidases generate superoxide by the resluaf ground state oxygen using NADH

or NADPH as an electron donor (Lamb and Dixon, 198&ction 3).
NADPH + 2Q — NADP" +2 Q™ +H 3)

O,- is less reactive compared to -OHaving a half life of 2-4us, and a low cellular
concentration (< I8 M). It cannot react directly with membrane lipi@scause peroxidation,
and cannot cross biological membranes (Vranetaal, 2002). Most @ formed in
biochemical systems reacts with itself non-enzycadlii or enzymatically (catalysed by

superoxide dismutase) to form®} (reaction 4).
Oy +Q  +2H— H,0,+°0; (4)

In addition to Q- dismutation, D, can be formed by oxidases such as glycolate oxjdas
glucose oxidase, urate oxidase, oxalate oxidases(itcalled “germin-like” oxidase), and amino
acid oxidases (Halliwell, 1987; Halliwell and Guttlge, 1999; Rea&t al, 2002) in which the

enzyme transfer two electrons onto eaghr®@lecule to form LD, (reaction 5).
%0, + 26 + 2H — H,0; ®)

H.O, then can be involved in the Haber-Weiss and/otdfereaction producing the hydroxyl
radical (OH-; see Chapter 1.2.4). The hydroxyl galdis a strong oxidant that can destroy
organic compounds. Oxidation of hydroxyl radicah ¢ar example breakdown azo bonds (the

most active bonds of azo dye molecules) that wglit in the decolourization of dyes.

Recently, Lierset al (2010) found secreted “dye-decolorizing peroxeddgDyPs) in the jelly

fungus Auricularia auricula-judae The function of this peroxidase differ from other
peroxidases found in fungi (lignin peroxidase, namepe peroxidase) especially in terms of
structure, sequence etc. The special feature ofddgelourizing peroxidases is the ability to

oxidize synthetic high-redox potential dyes. Lietsal (2010) found a certain ligninolytic
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activity by the oxidation of nonphenolic lignin melccompounds. We have tested some species
for peroxidase activity but no activity was foursé Figure 4.3, 4.5 and Table 4.5 in Chapter
4). Future work could test the possibility that Bydtcur in lichens.

Effect of dye structures on decolourization

The results showed that the individual dye streduinfluenced the extent of
decolourization (Figure 6.7; Couto, 2007). The tlyat was most effectively decolourized by
lichen discs and leachates was Chicago Sky Blu¢Fidgire 6.2, 6.3/C, G and 6.4), and rates
were higher in the presence of the mediator 1-HBFosz-Wilkolazkaet al (2002) reported
that azo dyes such as Chicago Sky Blue 6B can eadily degraded by microorganisms
because azo and sulfo groups do not occur natuthllg sulfonated azo dyes are recalcitrant to
biodegradation and can only be degraded when speditinges occur in their molecular
structure (Paszczynski and Crawford, 1995). Galiadd Kalt (1999) suggested that the larger
the number of sulfonate groups (such as in ChicBigo Blue 6B) the less sensitive the dye
molecules are to oxidation. However, in spite af gresence of at least two sulfonate groups
that are powerful electron withdrawing substituehis most likely explanation of the results is
that azo dyes contain —OH groupsoinor p-positions with respect to the azo bond, and these
have been reported to be preferentially oxidizedligginolytic enzymes such as laccase
(Kandelbaueet al, 2004).

Degradation of RBBR occurred much more slowly egdgcduring the initial period of the
reaction (Figure 6.3/A, E and 6.4), possibly intlimg a requirement for sequential oxidation at
two sites in the molecule to decolourize of thig® énd/or demand stronger laccase activity or
longer reaction times (Nagaet al, 2002). However, some workers suggest that the
anthraquinone type dye of RBBR is more resistamteigradation possibly because of its fused
aromatic structures (Banat al, 1996; Robinsoret al, 2001; Kaushik and Malik, 2009).
Therefore, most studies report that decolourizatiRBBR require redox mediators (Soaets
al., 2001). However, Champagne and Ramsay (2005dfthat purified laccase decolourized
RBBR five to ten times faster than the azo dyesulte confirmed by Ciulliniet al. (2008).
Nevertheless, many studies suggest that not oobase but partially purified lignin peroxidase
and RBBR oxygenase have the ability to decolofisedye RBBR (Ollikkeet al, 1993; Vyas
and Molitoris, 1995; Novotngt al, 1997; Young and Yu, 1997).



102

O NH; O
NaO\S/;O /O H s S-ONa
. ” &, e rd S 1
g T/\rﬁ Ny L Je
. ‘ S, ‘ y /_O Ry \T/ S o
N V\"// ~s O HN 5 ¢
H 4§ o ©ONa T"\\V'b‘\/ 0 S ONa
. L Q
Acid blue 74 ~
RBBR
O NHp OH i5-ONa
NaO-S N=N //‘ o 0
ST s :
HaCO = |r Sy = ‘ 2.
O:?ZO T :/\/\N/\
ONa \ H l:o
. 2 - | 0" ONa
Chicago Sky Blue 6B SN
OH Acid Red 103

N

J

Fast green FCF

‘038 O SO5
3 0y 3
0O
X
§ *

Figure 6.7.Molecular structure of the dyes used.

Decolourization of Acid Blue 74 (the common naménigdigo Carmine) by lichen discs was less
efficient after 6 h compared to other dyes, butilsimto RBBR (Figure 6.3 and 6.4). One
possible explanation is that both molecules possas#ar fused aromatic structures. While
decolourization proceeded for up to 6 h, aftertBehamount of decolourization did not increase
in Peltigera rufescenandCetraria islandica(Figure 6.3). This could have been the resulhef t
presence of some inhibiting sub-products generatetthe dye degradation process (Couto,
2007). It seems that the dye Indigo Carmine isieasto oxidation (Galindcet al, 2001;
Champagne and Ramsay, 2010).

Acid Red 103 (also called as Azocarmine B) is aicipanionic dye that was highly
decolourized by all lichens tested (Figure 6.3 d@hd). Lichen laccases from suborder
Peltigerineae showed higher degradation rate caedptr lichen discs from other suborder.
Interestingly, there is only one report on the ddgtion of Acid Red 103 by ligninolytic
enzymes but not by laccase in literature (Shaffequal, 2002). The authors found that
Azocarmine B was decolourized by approximately 30%4 h by the moderately low redox

potential horseradish peroxidases at pH 6.5.
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However, it is beyond the scope of the present viorgrovide mechanistic interpretations of

the observed results as this would require anafysisidentification of the reaction products.

6.4. Conclusions

Kaushik and Malik (2009) summarized the applicatidrvarious fungi in dye removal
and found that fungi from the group of Basidiomycwthich produce lignin degrading enzymes
such as laccase, manganese peroxidase etc. megtigde textile dyes while dye removal by
other fungi (e.g. Ascomycota’s) is by “biosorptioBiodegradation involves the breakdown of
dye into various by-products by enzymes (energyddent process) while biosorption includes
a process where solutes bind to the biomass whuatodinvolve metabolic energy or transport
(Kaushik and Malik, 2009). However, in many fungig likely that adsorption plays a part in
the overall process, which facilitates the chronoyph getting closer into contact with the
degradative enzymes. These enzymes are oftenyagsbciated with the cell surface, and after
initial adsorption, oxidative degradation will occ(Evanset al, 1994; Knappet al, 2001).
Non-Peltigeralean lichens became pigmented durigg decolourization suggesting that
biosorption may be part of the dye removal processhese lichen-forming fungi as in
Ascomycota. Interestingly, Peltigeralean lichengengot pigmented using different type of
dyes indicating that lichens from suborder Peltiggae might decolourize dyes by enzymes.
Sometimes it was hard to observe whether somenichecame pigmented or not because of
their structure and colour (e @ollem3.

The mycobiont of lichens have many advantages thake lichens suitable for
decolourization processes; fungal mycelia can predixtracellular enzymes (such as laccases),
and this is probably advantageous in toleratingh higncentrations of toxicants and have
significant physical and enzymatic contact with grevironment (Kaushik and Malik, 2009).
Based on these facts and our results we suppaskctiens are probably suitable organisms for
treatment of textile effluent and dye removal biechéns are extremely slow growing and
therefore it almost impossible there would ever eeough biomass production to
decolourization processes. Treatment of dyes caattbibuted to lichens only if lichen genes
can be incorporated into fast growing fungi suclyeasst and these modified organisms will be
used to participate in the decolourization procesbany studies demonstrated that laccases
have been expressed in yeast successfully and dhswelar properties as in the organism
from which they were originally isolated (Recatal, 2002; Jolivalet al, 2005).



CHAPTER 7

GENERAL CONCLUSIONS

Peltigera rufescens

(photo was taken by E-Timdal,
http://iww.nhm.uio.no/botanisk/lav/Photo_Gallery/B@ex.html).



105

Lichens are special organisms belonging to the Aycetes, an association of a fungus and
green algae and/or cyanobacteria. These life fagros on stone, bark, soil or leaves, mostly in
very extreme environments where they are exposeaatty biotic and abiotic stresses and need to
adapt to them using a variety of morphological ahdmical adaptations for surviving stressful
conditions and for fast recovering of metabolicivdist (Kranner et al, 2008). One of these
mechanisms could involve cell wall redox enzymasluding laccases. Beckedt al (2003) found
that some lichens show high rates of extracellddox activity. The present study focussed on two
important cell wall redox enzymes in lichenized camgcetes with high rates of redox activity
specifically laccases and tyrosinases. The studgested that in lichens, significant laccase and
tyrosinase activity occurs mainly in Peltigerineligs interesting why these redox enzymes occur
only in lichens from suborder Peltigerineae. Asmhexidases are important enzymes of secondary
metabolism in plants and fungi, Zavarzina and Zawasuggested (2006) that laccases and
tyrosinases may play an important role in the phemoetabolism of lichens. However, lichens
from suborder Peltigerineae are characterized tyléwel of phenolics. It is also interesting that
while many lichens can accumulate high concentnatiaf secondary metabolites lichens from this
suborder contain these metabolites at low conciorisa (Hawksworth, 1982). Secondary
metabolites have antibiotic and antifungal propsrind despite of the low level of metabolites in
the Peltigerineae they still can resist pathogeackt Possibly high rates of extracellular redox
activity have a role in defence of lichens agajathogens (Beckettt al, 2003). Members of
Peltigerineae have higher growth rate comparedherspecies and mostly occur in wetter, more
productive habitats (Palmqvist al, 2002). Possibly, high rates of laccases andsiyases in the
Peltigerineae give selective advantage to theseeris by providing enough nutrients (such as
sugars derive from cellulose breakdown, see betovgupport fast growth and to more efficiently

exploit their environment.

Physiological significance of laccases in lichealbgy

Based on our current knowledge on the roles ofdses in other organisms (Thurston, 1994),
in lichens these redox enzymes are most likely #® ibvolved in pigment synthesis,
depolymerization of organic compounds, particulalignin, depending on initial substrate
molecular weight and environmental conditions aosisibly pathogen defence. Laccases are one of
the main enzymes involved in delignification by whitot and other fungi, including some
ascomycetes (Thurston, 1994; Leonowétzl., 2001). Acting alone or with lignin peroxidasedan
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manganese peroxidases, laccases produce ROS ttiaippte in reactions that remove the lignin
from wood and plant litter (ten Have and Teunis&ff1; Hammekt al, 2002). However, most
recent findings of Liers and Beckett (unpublisheersonal communicationshowed that partially
purified lichen laccases have low redox potentiafj can metabolize normal laccase substrates, but
more slowly than white rot fungi. Furthermore, thegnnot metabolize model lignin compounds
therefore almost certainly do not participate inligtafication. Nevertheless, even if lichen
polyphenol oxidases do not participate in deligwifion on theoretical grounds it is possible that
they may still contribute to organic matter turnougy participating in cellulose breakdown
(Beckett and Zavarzina, unpublished). In free-livifungi, in addition to polyphenol oxidases,
cellulases and secreted peroxidases are involveadrganic matter turnover (Baldrian and
Valaskova, 2008). In lichens only low rates of p@lases were found (see Chapter 4). Cellulases
were not studied in this project but it was fourdlier in Evernia prunastriandPeltigera canina
(Yagueet al, 1984; Yagiie and Estevez, 1988; de los Riad, 1997). Study of Liers and Beckett
(unpublished) suggested that extracellular enzyofedichens (laccases and tyrosinases) may
participate in ROS-generating reactions and togetlith cellulases the enzymes are involved in a

type of soft rot decay, nhamely in cellulose breatwo

A further possibility for species such &seudocyphellaria auratéhat grows on trees is that
laccases may assist attaching lichens to theiiinigoh substratum. Another possible role for
laccases in lichens is pathogen defence. The sttionl of laccase activity that occurs after
wounding and desiccation (see Figure 3.5) may gffetection at a time when they are vulnerable
to pathogen attack. Flowering plants defend thevasehgainst pathogens using extracellular ROS
production (Bolwell, 1999; Bleet al, 2001). Becketet al (2003) suggested two defense strategies
occurring in lichens. The first strategy appearfidhens from suborder Peltigerineae that produce
reactive oxygen species by the involvement of Isesa Interestingly, as mentioned above,
members of Peltigerineae contain low concentratiohssecondary metabolites (Huneck and
Yoshimura, 1996), particularly compared with otliehens which apparently deter pathogens by
accumulating high concentrations of secondary nuditals, the second strategy (Rundel, 1978;
Gauslaa, 2005).

! Dr C. Liers,Unit of Environmental Biotechnology, Internationaie@uate School of Zittau, Markt 23, 02763 Zittau, iGany
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Role of tyrosinases in lichen biology

In free-living fungi, the roles of tyrosinases rémanclear, but their low redox potentials
suggest that this enzyme does not participate gradative processes, but rather is involved
exclusively in polymerization (Ghosh and Mukherj2898). Many studies reported that tyrosinase
can certainly catalyse melanization in fungi (vaelderet al, 1997; Set al, 2003; Halaoulet
al., 2006). While melanins are present in Peltigamaléichens such akobaria pulmonaria
(Gauslaa and Solhaug, 2001) where they appeaotegbithe photobiont from excessive radiation,
they are also present in non-Peltigeralean lichwitts very low laccase and tyrosinase activities
such aCetraria islandica(Nybakkenet al., 2004). It is assumed that, as for fungi (Buded Day,
1998), various mechanisms of melanin synthesig @xibchens, and presumably some use other
oxidases. In lichens strong evidence exists thaame acts as screens for UV light (Gauslaa and
Solhaug, 2001; Stepanenlkd al, 2002; Solhauget al, 2003). A further role of these enzymes
could be to remove harmful quinone radicals andplsein the soil or bark on which lichens grow.
These compounds are produced as by-products agfnifedation (Rimmer, 2006). Interestingly,
Krastanov (2000) recommended the use of co-imnmddllilaccases and tyrosinases in polyclar
columns used to remove phenolic xenobiotics, becahsir activities on different substrates
complement each other. Stimulation of the actigtythese enzymes following stress is consistent
with a role in removal of stress-induced toxic cammpds. Future progress in understanding the
roles of these enzymes in lichens will depend @ndhuicidation of these reactions. Recently, van
Alstyne et al (2006) showed that DOPA in green algae can detzbivores, and possibly
tyrosinase-catalysed DOPA formation may have theesale in lichens. Certainly, members of the
Peltigerineae do not contain the normal secondatabolites possessed by lichens outside of this
suborder (Huneck and Yoshimura, 1996). However,wespread occurrence of tyrosinases in

lichens in the Peltigerineae suggests that theyqulamportant role in the biology of these lichens

Potential roles of laccases and tyrosinases ingimaronment

As it is discussed earlier, laccases and tyrosinase be readily secreted therefore it is
supposed these redox enzymes play an importantimolde environment. It has long been
recognized that lichens have an important enzymatecin soil formation due to their weathering
action on rocks (Cheeat al, 2000; Zavarzina and Zavarzin, 2006; Zavarzahal.,, 2011) and also
serve as considerable source of mortmass for heatidn (Zavarzineet al, 2011). The recent
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finding of laccases and tyrosinases in lichensiomifd that lichens may play an important role in
humification as not only the source of the orgacdempounds for humification, but also by the
production of redox enzymes that can catalyze yi¢hesis and degradation of humic substances
(HS) depending on conditions (Zavarziea al, 2011). Zavarzinat al (2011) suggested that
laccases of lichens may participate in humus famnavia polymerization of phenols while
tyrosinases take part in humification processeouin the synthesis of humic acid via
melanization. However, recent study indicated thatases appear most active in breaking down
humic substances (HS, Zavarzina, unpublished gatapnal communication of R.P. BecRetHS
comprises up to 90% of soil organic matter andahessidence time of $0° years. It is therefore

a long-time sink for atmospheric GO’ he importance of HS appears in the biosphetheakrgest
carbon reservoir estimated at c. 1500 Pg&f Batjes, 1996). Stolbovoi (2006) reported thatuabo
1/3 of world soil organic carbon reserves can hmdbin boreal forests soils and almost half of this
amount is accumulated in the soils of Russia exastiere many Peltigeralean lichens occur.
Laccases leached from lichens may thus particiratglobal carbon cycling, particularly in
nutrient-poor boreal and subarctic woodlands, wheemnbers of the suborder Peltigerineae are
abundant.

Future plans

Future work needs to sequence the proteins andtraohsladograms to determine the
phylogenetic position of lichen laccases and tyrasés among those produced by other fungi.
Determining the physiological significance of exeghular ROS production will be harder. A role
in pathogen defence seems likely, and it wouldriterésting to test whether fungal parasites of
Peltigera can induce an “oxidative burst” similar to thatsebved during rehydration following
desiccation. The possible interaction of laccasebtgrosinases with cellulases is also needed to
investigate. Future work should also assess the ablaccases and tyrosinase in decomposition,
humification and melanin biosynthesis. The posshit#echnological application of these lichen

enzymes should be investigated, and could inclueeextile, food, paper and cosmetic industries.

A.G. ZavarzinaDepartment of Soil Science, Moscow State Univer@t$U), Moscow 119899, Russian Federation
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