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Many enzymes of white rot fungi involved in wood degradation belong to the class of redox enzymes.
The most important are laccase (copper-containing polyphenol oxidase), lignin peroxidase, man-
ganese-dependent peroxidase and manganese-independent peroxidase. However, the role of these en-
zymes in wood degradation remains unclear and complex redox processes or unknown redox enzymes
also may contribute to this process. Several oxidative enzymes secreted by white rot fungi into the en-
vironment have been studied in the past, but little attention has been paid to the cell wall-associated
redox enzymes. Cell wall-associated laccase activity in the purified cell walls of copper induced cul-
tures of Trametes versicolor has been found. Laccases have been extracted by establishing new methods
for cell wall purification and for protein release from the cell walls of basidiomycetes.

1. Introduction

The shape of a fungal cell is determined by the cell wall that functions to
maintain the integrity of the cell, to protect the cell against the environment
and to interact and communicate with the surrounding environment. The
cell wall shields the cell against osmotic, chemical, physical and biological in-
juries. It is involved in growth and morphogenesis, in cell-adhesion and in
cell-cell interaction. The cell wall is not inert but a robust, highly elastic and
permeable structure (Cabib et al. 1988, Gooday 1995, Latgé and Calderone
2005, Sietsma and Wessels 2005).
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The main components of the fungal cell wall are α- and ß-glucans and
chitin that form the cell wall skeleton. In addition, glycoproteins, chitosan,
polyuronids, inorganic salts and pigments are found. The skeletal polysac-
charides comprise approx. 80% of the cell wall dry matter whilst the protein
content varies typically from 3% to 20% (Ruiz-Herrera 1992, Latgé and
Calderone 2005, Sietsma and Wessels 2005). Numerous cell wall-associated
proteins reveal enzymatic activities. Identified cell wall associated fungal ex-
oenzymes fall into the following biochemical classes, respectively subclasses:

• oxidoreductases
• O-glycosyltransferases
• hexosyltransferases
• aminoacyltransferases
• phosphoric monoester hydrolases.
Of these, hexosyltransferases and O-glycosyltransferases were most often

described in an extraprotoplastic location of the cell. The evidences present-
ed for cell wall-association of particular enzymes generally were indirect, i.e.,
inferred from simple histochemical tests or immunocytochemical analyses or
from genome analysis (Rast et al. 2003). Most studies concerning fungal cell
wall enzymes were performed on ascomycetous yeasts and filamentous as-
comycetes and a few on zygomycetes. Some specific cell wall-associated en-
zymes detected in these fungi are:

• ß(1-3)-glucanosyltransferase in Candida albicans (Hartland et al. 1991)
• acid phosphatase in C. albicans, Aspergillus fumigatus and Botrytis cinerea

(Molloy et al. 1995, Weber et al. 1997, Bernard et al. 2002)
• phospho- and lysophospholipases in C. albicans (Chaffin et al. 1998)
• chitinase in Saccharomyces cerevisiae, C. albicans and Kluyveromyces sp.

(Iranzo et al. 2002, Bahmed et al. 2002)
• ß-glucosidase in C. albicans, Acremonium persicinum and Aspergillus

kawachii (Ram et al. 1984, Iwashita et al. 1999, Pitson et al. 1999)
• trehalase in C. albicans and Neurospora crassa and in the zygomycete Mu-

cor rouxii (Hecker et al. 1973, Ram et al. 1984, Molloy et al. 1995, Lu-
cio et al. 2000)

• ß(1-3)-glucanase in C. albicans and A. persicinum (Ram et al. 1984, Pit-
son et al. 1999)

• ß(1-6)-glucanase in A. persicinum (Pitson et al. 1999)
• N-acetylhexosaminidase in C. albicans and M. rouxii (Rast et al. 1991,

Molloy et al. 1995).
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Most of the cell wall glycoproteins are considered to be catalytically active
(Mrsa et al. 1999). Therefore, many other enzymatic activities are expected
to be present in the subcellular location of the cell wall that will have to be
detected in future work.

In the basidiomycetes, there are some well characterized structural cell
wall proteins such as hydrophobins (Wösten 2001, Walser et al. 2003, Ped-
direddi et al. 2005) and galectins (Walser et al. 2003, 2004, 2005). However,
in comparison to ascomycetes much less is known about the enzymes resid-
ing in cell walls of basidiomycetes. Many cell wall associated enzymes will be
responsible for basic reactions in cell wall synthesis (Latgé and Calderone
2005, Sietsma and Wessels 2005). Others will contribute to breakdown of
growth substrates.

Particularly in the wood inhabiting wood, oxidative and hydrolytic en-
zymes for lignocellulose degradation might be expected to reside in the fun-
gal cell wall. For example, presence of laccase has been demonstrated by co-
precipitation of gold particles with a phenolic laccase substrate in the outer
sphere of the hypha of Pycnoporus cinnabarinus ( Jones et al. 1999). Various re-
dox- and hydrolytic enzymes have also been localized by immuno-gold label-
ing to the cell wall in e.g. Phanerochaete chrysosporium, Trametes versicolor,
Rigidoporus lignosus, Phellinus pini, Lentinula edodes, Volvariella volvacea, and
Phlebia radiata (see review by Daniel 1994). In P. chrysosporium, presence of
lignin peroxidase and manganese peroxidase (MnP) was detected both within
degraded wood and on the surface of the fungal hypha (Ruel et al. 1991, Sre-
botnik et al. 1988). MnP secreted by Ceriporiopsis subvermispora whilst grow-
ing on wheat straw has been shown to be entrapped within the hyphal poly-
saccharide sheath due to direct interaction of the enzyme with polyglucan.
Diffusion of the enzyme towards the lignocellulosic substrate was restricted to
the extend of the hyphal polysaccharide network (Ruel et al. 2003). Laccases
entrapped within the exopolysaccharide shields of C. subvermispora and R. lig-
nosus hyphae and within the cell walls in P. radiata have also been reported
(Nicole et al. 1992, Ruel et al. 2003). Furthermore, aryl-alcohol oxidase, pyra-
nose oxidase, cellulases, glucanases and xylanase have been detected by gold-
immunolabeling in association with the cell wall or the extracellular glucan
sheath in wood degrading fungi (e.g. Barrasa et al. 1998, Cai et al. 1999).

Whilst immunolabelling proved to be very helpful for specific enzyme lo-
calization and monitoring of mobility within substrate, antisera prepared
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against purified enzymes do not allow detection of unknown enzymes and
may not respond to modified forms of the enzymes. Efficient and reliable
methods for purification of cell walls and isolation of proteins from hyphal
sheaths and from cell walls are therefore needed. In ascomycetes, commonly
applied methods to obtain pure of cell wall fractions employ homogenization
of the fresh material, followed by salt, detergent and/or enzyme treatment of
the pure cell walls to isolated the associated enzymes or other proteins
(Bruneau et al. 2001, Pitarch et al. 2002). In basidiomycetes, reports are so
far few. From sporocarps of the edible basidiomycete Agaricus bisporus, a to-
tal of 19% of cell wall-associated phenoloxidase activity was liberated by
NaCl extraction steps whilst up to 48% was set free by digitonin treatment.
In this case, enzymes were obviously non-covalently bound to the cell wall
(Sassoon and Mooibroek 2001). In the human pathogen Cryptococcus neofor-
mans, cell wall-associated laccase activity retained in the cell wall after se-
quential extraction with salt, urea and SDS. However, about 40% of the ac-
tivity was released from intact cells or cell wall fractions upon enzymatic
treatment with glucanases suggesting a strong association of the enzymes to
the cell wall carbohydrate via hydrolysable bonds (Zhu et al. 2001, 2003).

2. Materials and Methods

Trametes versicolor strain Nr. 6 from our institute collection, were cultivated
on Basidiomycete-Medium (BSM, Hüttermann et al. 1973) with 1% agar.
Liquid standing cultures were prepared by inoculation of 100 ml BSM medi-
um in 500 ml flasks and cultivated for 14 days at 25°C in the dark. Laccase
secretion was induced after 7 days of cultivation by 0.5 mM 2,5-xylidine
(Fahreus et al. 1967) or 150 µM CuSO4.

Mycelia were separated from liquid supernatant by filtration. Culture
medium remaining after filtration of mycelium was centrifuged for 20 min at
3200 g and proteins precipitated with four volumes of 10% trichloroacetic
acid (TCA) in acetone (w/v) and kept at -20 °C overnight. Protein pellets
were separated by centrifugation at 16.000 g for 20 min, washed four times
with acetone and air dried. Supernatant protein samples for native PAGE
were concentrated using PES-Vivaspin concentrator 10.000 MWCO (Viva-
science, Hannover, Germany). Mycelia were grinded in liquid nitrogen and
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pure cell wall fractions were obtained after several washing steps and sorbitol
gradient purification (Dwivedi et al., in preparation).

Laccase activities were determined at room temperature by monitoring
the oxidation of 5.0 mM ABTS at 420 nm in 120 mM sodium acetate
buffer pH 5.0 (Matsumura et al. 1986). One unit of enzyme activity (IU)
represents the amount of laccase that oxidized 1 µmol substrate per minute.
Amounts of total protein were determined by using Pierce Coomassie Plus
Reagent (Perbio, Germany) using bovine serum albumin (BSA) as a stan-
dard.

For 2D-electrophoreisis protein samples were solubilised in loading buffer
containing 8 M urea, 4% (w/v) CHAPS 50 mM DTT, 5% (v/v) Triton X100
and 0,67% (v/v) ampholyte buffer. In the 1st horizontal dimension, isoelectric
focusing was performed using 18 cm IPG-strips pH range 3-10 (Amersham)
according to the manufacture’s protocol. In the 2nd dimension, proteins were
separated on 12% PAGE using Ettan DALTsix (Amersham). Gels with na-
tive proteins were washed for 30 minutes with 100 mM sodium acetate buffer
pH 5.0 and stained with 6.9 mM α-naphthol and 8.4 mM of N,N,N’,N’-
tetramethyl-p-phenylenediamine (TMDA) to visualize the laccase activity
(Sterjiades et al. 1993). To visualize all proteins, gels were silver-stained
(Blum et al. 1987). For peptide identification by LC-MS analysis (http://
www.matrixscience.com/cgi/search_form.pl?FORMVER=2&SEARCH=MI
S), proteins spots were excised from gels and in gel-digestion with trypsin was
performed at 58°C according to Havlis et al. (2003).

3. Results

In liquid culture with or without suitable inducers, T. versicolor secretes nu-
merous extracellular proteins belonging to the class of redox oxidases (e.g.
laccases) (Xiao et al. 2003), lignin-peroxidases, Mn-dependent and Mn-in-
dependent peroxidases (Collins et al. 1999), cellobiose dehydrogenases (Roy
et al. 1996) and possible other enzymes important for lignocellulose degra-
dation. Proteins in supernatants of standing BSM cultures of T. versicolor
strain 6 were separated by 2D-electrophoresis. About 180 protein spots were
detected. Most of them had a low pI-value and molecular weights in the
range from 40 to 130 kDa (Fig. 1). Spots were eluted from gels, digested by
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trypsin and analysed by LC-MS. Amongst other proteins, various peroxidas-
es and a laccase were identified (Dwivedi et al., unpublished).
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Figure 1. 2D-SDS-PAGE gel showing proteins
from supernatants of standing Trametes versicolor
BSM cultures at day 14 of cultivation

Laccase activities in the BSM culture supernatants were 42 ± 2.4 mU/ml.
Laccase activity staining of 2D-PAGE gels showed a single spot at pI 3.5 ±
0.4 (not shown). Upon addition of 150 µM CuSO4 and 0.5 mM 2,5-xyli-
dine, laccase activities in culture supernatants raised to 260 mU/ml and
1.6 U/ml, respectively (Fig. 2). In 2D-gelelectrophoresis, both with copper
and with 2,5-xylidine more protein spots were detected in silver-staining but
laccase activity staining identified only the one spot known already from
non-induced cultures (Fig. 3).



Laccase activity was also measured with mycelium of the cultures. Laccase
activities per g mycelial fresh weight were 0.26 U, 0.60 U and 2.70 U in non-
induced, copper-induced and 2,5-xylidine-induced cultures, respectively. In
disrupted and washed mycelium, about a third of this activity remained in
the cell wall fraction. Various buffers, salt concentrations, reducing agents,
and cell wall-hydrolyzing enzymes were tested alone or in combination to
extract the native enzymes. In the best case, 77% of enzymatic activity was
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Figure 2. Native PAGE zymograms of laccases (lanes 1-3) and
corresponding silver-stained proteins on 12 % PAGE (lanes 4-6). Equal
sample volume of supernatant from 14 days-old Trametes versicolor
cultures were loaded (1, 4: non-induced; 2, 5: copper-induced; 3, 6: 2,5-
xylidine-induced)

Figure 3. Native 2D-gel-electrophoresis of supernatant
proteins from a 2,5-xylidine-induced, 14 days-old culture of
Trametes versicolor stained for laccase activity



released from the cell walls. Two laccase activity bands were detected after
separation of released enzymes by native 1D-gels, one of which seems to cor-
respond to the enzyme found in large quantities secreted in the culture su-
pernatant after 2,5-xylidine induction (Fig. 4).
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Figure 4. Laccases from 2,5-xylidine-induced culture supernatant of Trametes versicolor (1)
and isolated from the cell wall fraction of the mycelium from the same culture (2)

4. Conclusions
Our work shows that T. versicolor strain 6 secretes various oxidizing enzymes
into culture media but also retains enzymatic activity in the cell walls. We
have established protocols for cell wall purification and for release of enzymes
from the cell walls of the species. Currently, we modify the protocols for opti-
mal use in other basidiomycetes such as Pleurotus ostreatus, Irpex lacteus and
Coprinopsis cinerea. Moreover, we proceed with biochemical characterization
of the isolated cell wall-associated laccases from T. versicolor. Additionally, we
characterize the enzymes in their natural cell wall bound form and compare
the data with those obtained for laccases from the culture media.

5. Acknowledgements.
Our laboratory is supported by the Deutsche Bundesstiftung Umwelt (DBU).

6. References
Bahmed et al. (2002). Change of cell wall chitin content in amphotericin B resistant

Kluyveromyces strains. FEMS Microbiol. Lett. 216, 99-103



Bernard et al. (2001). Aspergillus fumigatus cell wall: composition and biosynthesis. Med.
Mycol. 39, 9-17

Barrasa et al. (1998). Electron and fluorescence microscopy of extracellular glucan and
aryl-alcohol oxidase during wheat-straw degradation by Pleurotus eryngii. Appl. En-
viron. Microbiol. 64, 325-332

Blum et al. (1987). Improved silver staining of plant-proteins, RNA and DNA in poly-
acrylamide Gels. Electrophoresis 8, 93-99

Bruneau et al. (2001). Proteome analysis of Aspergillus fumigatus identifies glyco-
sylphosphatidylinositol-anchored proteins associated to the cell wall biosynthesis.
Electrophoresis 22, 2812-2823

Cabib et al. (1988). Fungal cell wall synthesis – the construction of a biological struc-
ture. Microbiol. Sci. 5, 370-375

Cai et al. (1999). Production and distribution of endoglucanase, cellobiohydrolase, and
beta-glucosidase components of the cellulolytic system of Volvariella volvacea, the
edible straw mushroom. Appl. Environ. Microbiol. 65, 553-559

Chaffin et al. (1998). Cell wall and secreted proteins of Candida albicans: Identification,
function, and expression. Microbiol. Mol. Biol. Rev. 62, 130-140

Collins et al. (1999). Cloning and characterization of a cDNA encoding a novel extra-
cellular peroxidase from Trametes versicolor. Appl. Environ. Microbiol. 65, 1343-1347

Daniel (1994). Use of electron-microscopy for aiding our understanding of wood
biodegradation. FEMS Microbiol. Rev. 13, 199-233

Fahreus et al. (1967). Large scale production and purification of laccase from cultures
of the fungus Polyporus versicolor and some properties of laccase A. Acta Chem. Scand.
21, 2368-2378

Gooday (1995). Cell walls. In: The Growing Fungus, Gow and Gadd (eds.), Chap-
mann and Hall, London, pp. 43-62

Hartland et al. (1991). A secreted ß-glucan-branching enzyme from Candida albicans.
Proc. Royal Soc. London Ser. B-Biol. Sci. 246, 155-160

Havlis et al. (2003). Fast-response proteomics by accelerated in-gel digestion of pro-
teins. Anal. Chem. 75, 1300-1306

Hecker et al. (1973). Activity and heat-stability of trehalase from mycelium and as-
cospores of Neurospora. J. Bacteriol. 115, 582-591

Hüttermann et al. (1973). Induction of aryl-ß-glucosidase in Fomes annosus by cel-
lobiose. Arch. Microbiol. 93, 195-204

Iranzo et al. (2002). The use of trypsin to solubilize wall proteins from Candida albicans
led to the identification of chitinase 2 as an enzyme covalently linked to the yeast
wall structure. Res. Microbiol. 153, 227-232

Iwashita et al. (1999). The bglA gene of Aspergillus kawachii encodes both extracellular
and cell wall-bound beta-glucosidases. Appl. Environ. Microbiol. 65, 5546-5553

Jones et al. (1999). Histochemical detection of laccase in Pycnoporus cinnabarinus using
microwave-enhanced colloidal gold microcrystallization. Biotechnol. Tech. 13, 871-875

173

CELL WALL-ASSOCIATED REDOX ENZYMES IN WHITE ROT FUNGI



Latgé and Calderone (2005). The fungal cell wall. In: The Mycota, Growth, Differen-
tiation and Sexuality, Vol. I, 2nd edition, Kües and Fischer (eds.), Springer-Verlag,
Heidelberg, in press

Lucio et al. (2000). Stimulation of hyphal growth in anaerobic cultures of Mucor rouxii
by extracellular trehalose. Relevance of cell wall-bound activity of acid trehalase for
trehalose utilization. FEMS Microbiol. Let. 182, 9-13

Matsumura et al. (1986). Structures of the laccase-catalyzed oxidation products of hy-
droxybenzoic acids in the presence of ABTS [2,2’-azino-di-(3- ethylbenzothiazo-
line-6-sulfonic acid)]. Agr. Biol. Chem. 50, 1355-1357

Molloy et al. (1995). Differential extraction of N-acetylglucosaminidase and trehalase
from the cell-envelope of Candida albicans. Exp. Mycol. 19, 178-185

Mrsa et al. (1999). Saccharomyces cerevisiae cell wall proteins. Food Technol. Biotechnol. 37,
21-27

Nicole et al. (1992). Immunocytochemical localization of laccase L1 in wood decayed
by Rigidoporus lignosus. Appl. Environ. Microbiol. 58, 1727-1739

Peddireddi et al. (2005). Multiple hydrophobin genes in mushrooms. Proceedings of
this conference

Pitarch et al. (2002). Sequential fractionation and two-dimensional gel analysis unrav-
els the complexity of the dimorphic fungus Candida albicans cell wall proteome.
Mol. Cell Proteom. 1, 967-982

Pitson et al. (1999). Intracellular and cell wall associated ß-glucanases and ß-glucosi-
dases of Acremonium persicinum. Mycol. Res. 103, 1217-1224

Ram et al. (1984). Exo-(1-3)-ß-glucanase, autolysin and trehalase activities during yeast
growth and germ-tube formation in Candida albicans. J. Gen. Microbiol. 130, 1227-1236

Rast et al. (1991). A complex chitinolytic system in exponentially growing mycelium of
Mucor rouxii – Properties and function. J. Gen. Microbiol. 137, 2797-2810

Rast et al. (2003). Cell wall-associated enzymes in fungi. Phytochem. 64, 339-366
Roy et al. (1996) Purification and characterization of cellobiose dehydrogenases from

the white rot fungus Trametes versicolor. Appl. Environ. Microbiol. 62, 4417-4427
Ruel et al. (1991). Involvement of an extracellular glucan sheath during degradation of

Populus wood by Phanerochaete chrysosporium. Appl. Environ. Microbiol. 57, 374-384
Ruel et al. (2003). Development of immunomicroscopic methods for bioremediation.

In: The Utilization of Bioremediation to Reduce Soil Contamination: Problems and
solutions, Sasek et al. (eds). Kluywer Academic Publishers, Dordrecht, pp. 187-197

Ruiz-Herrera (1992). Fungal Cell Wall: Structure, Synthesis, and Assembly, CRC-
Press, Boca Raton

Sassoon and Mooibroek (2001). A system of categorizing enzyme-cell wall associations
in Agaricus bisporus, using operational criteria. Appl. Microbiol. Biotechnol. 56, 613-622

Sietsma and Wessels (2005). Apical wall biogenesis. In: The Mycota. Growth, Differ-
entiation and Sexuality, Vol. I, 2nd edition, Kües and Fischer (eds.), Springer-Ver-
lag, Heidelberg, in press

174

FULL LENGTH CONTRIBUTIONS



Srebotnik et al. (1988). Determination of the accessibility of lignocellulosic substrates
to enzymatic degradation by immunoelectron microscopy. Inst. Phys. Conf. Ser., pp.
107-108

Sterjiades et al. (1993). Extracellular laccases and peroxidases from Sycamore maple
(Acer pseudoplatanus) cell-suspension cultures – Reactions with monolignols and
lignin model compounds. Planta 190, 75-87

Walser et al. (2003). Extracellular matrix proteins in mushroom development. Rec. Res.
Devel. Microbiol. 7, 381-415

Walser et al. (2004). Structure and functional analysis of the fungal galectin CGL2.
Structure 12, 689-702

Walser et al. (2005). Ligand interactions of the Coprinopsis cinerea galectins. Fungal
Genet. Biol. 42, 293-305

Weber et al. (1997). Purification, characterization and exit routes of two acid phos-
phatases secreted by Botrytis cinerea. Mycol. Res. 101, 1431-1439

Wösten (2001). Hydrophobins: Multipurpose proteins. Ann. Rev. Microbiol. 55, 625-
646

Xiao et al. (2003). Purification, molecular characterization and reactivity with aromatic
compounds of a laccase from basidiomycete Trametes sp strain AH28-2. Appl. Mi-
crobiol. Biotechnol. 60, 700-707

Zhu et al. (2001). Laccase of Cryptococcus neoformans is a cell wall-associated virulence
factor. Infect. Immun. 69, 5589-5596

Zhu et al. (2003). A CLC-type chloride channel gene is required for laccase activity and
virulence in Cryptococcus neoformans. Mol. Microbiol. 50, 1271-1281

175

CELL WALL-ASSOCIATED REDOX ENZYMES IN WHITE ROT FUNGI




