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Laccase (EC 1.10.3.2) from the culture filtrate of a strain of white rot basidiomycete Pleurotus ostreatus was purified
using DEAE-Toyopearl 650M and butyl-Toyopearl 650M column chromatographies and Superdex 75 HR 10/30 fast
protein liquid chromatography. Molecular weight of the purified laccase was about 55,000, and the isoelectric point
was 3.0. The optimum pH for enzyme activity was 6.5, and the optimum temperature was 50°C. This enzyme
contained 7.4% sugar and two copper atoms per molecule. The substrate specificity was similar to those of other
fungal laccases. Comparison of the N-terminal amino acid sequence of the P. ostreatus laccase with those from
Pleurotus ostreatus Florida, Coriolus hirsutus, Phlebia radiata, basidiomycete PM1 (CECT 2971), Trametes villosa,
Pycnoporus cinnabarinus, Ceriporiopsis subvermispora, and Agaricus bisporus showed 95, 65, 60, 55, 55, 55, 50, and
35% similarity, respectively, in the first 20 residues. No similarity in this region was detected with laccases from
Neurospora crassa, Aspergillus nidulans, and Cryptococcus neoformans.
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Microorganisms with degradation systems of complex
lignocellulosics are potentially applicable for detoxifica-
tion of various organic compounds that cause environ-
mental pollution. Among the ligninolytic enzymes of
basidiomycetes, such as laccase, lignin peroxidase, and
manganese peroxidase, we have studied laccases, which
are found in major white-rot fungi capable of degrading
lignin. Extracelluiar laccases have been purified and
characterized from such fungi as Trametes versicolor
{Cheung and Marshall, 1969; Fdhraeus and Reinhammar,
1867; Mosbach, 1963; Rogalski et al., 1990), Gano-
derma lucidum (Kumari and Sirsi, 1972), Neurospora
crassa (Froehner and Eriksson, 1974), Agaricus bisporus
(Wood, 1980), Aspergillus nidulans (Kurtz and Champe,
1982), Schizophyllum commune (de Vries et al., 1986),
Lentinus edodes (Kofujita et al., 1991), Panus tigrinus
(Maltseva et al., 1991), Armillaria mellea (Rehman and
Thurston, 1992), basidiomycete PM1 (CECT 2971) (Coll
et al., 1993), Cryptococcus neoformans (Williamson,
1994), Trametes villosa (Yaver et al., 1996), and Pycno-
porus cinnabarinus (Eggert et al., 1996). Though these
laccases have similar molecular weights and similar sub-
strate specificities, they exhibit considerably different
amino acid sequences.

In our diagnostic studies on phenoloxidase (laccase)
activities of various edible basidiomycetes, 24 strains of
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Pleurotus ostreatus (hiratake in Japanese) all showed
remarkably high activities, in agreement with the report
on European mushrooms (Bollag and Leonowicz, 1984).

A monokaryotic P. ostreatus line, K16-2, which we
isolated from the protoplasts of a wild dikaryotic strain in
Japan, was found to be one of the most active strains
with laccases. In our previous study, we acquired a
Coprinus cinereus strain with high laccase activity from
an original C. cinereus strain with no significant activity
by insertion of DNA fragments from P. ostreatus K16-2
{Okamoto et al., 1995). Subsequently, we have at-
tempted to clone the laccase genes of K16-2 to elucidate
the expression mechanism.

Although the laccase from P. ostreatus ‘Florida’ has
been purified and characterized (Palmieri et al., 1993),
we need to know in further detail the precise nature of
P. ostreatus laccases to identify the laccase genes. P.
ostreatus ‘Florida’, now treated as a variety of P. ostrea-
tus, was formerly classified as a different species, P.
florida (Eder and Winsch, 1991; Platt et al.,1984).
However, comparisons of the similarities and differences
in the properties of these strains, especially their en-
zymes, have not been reported.

In this paper, we purified and characterized the
extracellular laccase from P. ostreatus K16-2, and com-
pared its properties with those of reported laccases,
especially that from P. ostreatus 'Florida’.

Materials and Methods

Organisms and cultures Pleurotus ostreatus K16-2 is a
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monokaryotic strain screened from the protoplasts of a
dikaryotic wild strain K16 collected in Kanagawa prefec-
ture. It was maintained on 1.5% agar slants of a medi-
um containing 1% malt extract (Difco), 0.4% yeast ex-
tract (Difco) and 0.4% glucose (MYG medium, pH 6.3).
For production of laccase, the mycelium grown on an
agar slant was suspended in 9 ml of MYG medium, trans-
ferred to a 500-ml Erlenmeyer flask containing 70 ml of
MYG medium, and incubated for 8d at 28°C without
shaking.

Purification of laccase All steps were carried out at
4°C. Proteins in 38L of culture filtrate were precipi-
tated by addition of ammonium sulfate (80% saturation).
The precipitate was collected by centrifugation
(561,200 g X 20 min) and dissolved in 50 mM potassium
phosphate buffer, pH 6.5 (buffer A). The enzyme solu-
tion was dialyzed overnight against buffer A, then loaded
onto a DEAE-Toyopearl 650M column (3.2X43cm,
Tosoh} previously equilibrated with buffer A. The
column was washed with buffer A and eluted with
2,000 ml of O to 1.0 M linear gradient of NaCl in buffer A
at a flow rate of 45 ml/h. Fractions containing laccase
activity were collected. Ammonium sulfate was added
to the active fractions to a final concentration of 30%
saturation, and the solution was loaded onto a butyl-
Toyopearl 650M column (1.6 cm X 25 cm) equilibrated
with buffer A, containing 30% saturation of ammonium
sulfate (buffer B). The column was washed with buffer
B, and eluted with 400 ml of 30 to 0% linear gradient of
ammonium sulfate in buffer A at a flow rate of 30 ml/h.
Fractions with laccase activity were pooled and dialyzed
overnight against buffer A, then loaded onto a DEAE-
Toyopearl 650M column (2X44cm), previously
equilibrated with buffer A. The column was washed
with buffer A and eluted with 1,000 ml of 0 to 0.5M
linear gradient of NaCl in buffer A at a flow rate of 25 ml/
h. The active fractions (67 ml) were collected and con-
centrated to 5ml by ultrafiltration with a Centriprep-3
(3 kDa cut-off, Amicon). The concentrated supernatant
was loaded onto a Superdex 75 HR10/30 column
equilibrated with buffer A, containing 100 mM NaCl in
a fast protein liquid chromatography (FPLC) system
(Pharmacia). The elution was carried out repeatedly
with buffer A at a flow rate of 45 ml/h. A total of 40 ml
of laccase-active fractions were collected and concen-
trated to 2 ml with a Centricon-3. Finally, the concen-
trated supernatant was loaded onto a Superdex 75
column again as described above. At this step, laccase
activity was eluted as a single peak correspondong to a
peak of absorbance at 280 nm. The purified and con-
centrated enzyme was kept frozen at —20°C without
significant loss of activity for several months.

Laccase assay Laccase activity was assayed spectro-
photometrically using guaiacol as a substrate. The reac-
tion mixture for the standard assay contained 1mM
guaiacol, 50 mM potassium phosphate buffer {pH 6.5),
and enzyme in a total volume of 1.0 ml. One unit of the
activity was defined as the amount of enzyme that
caused an increase of 1.0 in absorbance at 470 nm per
minute at 30°C.

Protein assay Protein concentration was determined by
the method of Lowry et al. (1951) with bovine serum
albumin as the standard. During laccase purification
after the first anion-exchange chromatography, protein
concentration was monitored by the light absorbance at
280 nm.

Electrophoresis Polyacrylamide gel electrophoresis
(native-PAGE) and sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) were done with a
10% gel, as described by Davis (1965) and Laemmli
(1970), respectively. Proteins were stained with
Coomassie Brilliant Blue G-250 (Quick CBB kit; Wako).
Activity staining was carried out by incubating the gel
after native-PAGE at room temperature in 50 mM potassi-
um phosphate buffer (pH 6.5) with 1 mM guaiacol.
Glycoprotein was assayed by the periodic acid Schiff
(PAS) staining method (Leach et al., 1980).

Estimation of molecular mass Molecular mass was
estimated by mass spectrometry and gel filtration
chromatography. The purified enzyme was dissolved in
sinapinic acid solution containing trifluoroacetic acid and
CH3CN, and the sample was applied to a Matrix Assisted
Laser Desorption lonization Time of Flight (MALDI-TOF)
mass spectrometer KOMPACT MALDI | (Shimadzu/
Kratos). Gel filtration chromatography was done on a
Superdex 75 HR10/30 column (FPLC system, Pharmacia)
at a flow rate of 45 ml/h with the LMW protein standard
calibration kit (Pharmacia).

Isoelectric focusing An isoelectric focusing gel, pH 4.0
—6.5 (Ampholine PAG plate; Pharmacia) was used. Gels
were run and stained according to the manufacturer’s
manual. The isoelectric point of the enzyme was esti-
mated with an isoelectric focusing calibration kit, pH 2.5
—6.5 (Pharmacia).

Sugar and copper contents Sugar content of the
purified protein was determined by the phenol-sulfuric
acid method (Dubois et al., 1956} using glucose as a
standard. Copper content was determined with an
atomic absorption spectrophotometer (model Z-8270;
Hitachi).

Absorption spectrum Absorption spectra of laccase
solutions were measured with a spectrophotometer
{(model UV-2200A; Shimadzu).

Amino acid analysis The purified enzyme was hydro-
lyzed in vacuo at 110°C with conc. HCI, and analyzed
with an amino acid analyzer {(model L-8500; Hitachi).
Effects of pH and temperature on activity To investi-
gate optimum pH, activity was assayed at various pHs
(Mcllvaine’'s buffer, 50 mM, for pHs 3-8) after reaction
for 30 min. To investigate optimum temperature, the
reaction was performed in 50 mM potassium phosphate
buffer, pH 6.5 at various temperatures for 30 min.
Effects of pH and temperature on stability To examine
the effect of pH, enzyme was incubated at 30°C for 20 h
in various buffers (Mcllvaine’s, Tris-HCI, and 3-cyclo-
hexylaminopropanesulfonic acid-NaOH, 50 mM, for pHs
3-8, 7-9, and 9-12, respectively) containing 50 pg/ml
bovine serum albumin, and the residual activity was
assayed. To examine the effect of temperature, the
enzyme was incubated at various temperatures for
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30 min in 50 MM potassium phosphate buffer, pH 6.5,
containing 50 ¢g/ml bovine serum albumin, and the resid-
ual activity was assayed.

Substrate specificity The rate of oxidation of various
substrates catalyzed by the purified enzyme was deter-
mined by the standard assay, measuring the absorbance
increase at 470 nm {e470=1.2%x 10* M~ 1cm~"} for guaia-
col, 525 nm {¢525=6.5x 104 M~ cm~7) for syringalda-
zine, 415 nm {£415=3.6 X 10*M~Tcm~") for ABTS [2,2"-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)], 460 nm
(€460=1.2%X10*M~'cm~") for L-tyrosine, and 310 nm
(€310=9.3 %X 103 M~ cm~") for veratryl alcohol. Michaelis
constants {K,,) were calculated from the Lineweaver-
Burk (Lineweaver and Burk, 1934) plots.

Determination of N-terminal amino acid sequence Ten
micrograms of the purified protein was blotted on a poly-
vinylidine difluoride membrane (Nippon Bio-rad Laborato-
ries) previously washed with methanol. The membrane
was washed again with methanol. Proteins were se-
quenced with a protein sequencer PSQ-1 (Shimadzu)
with the PSQ-1 standard program version 2.0. Phenyl-
thiohydantoin amino acid derivatives were separated by
use of a reverse-phase column (Wakosil PTH, 4.6x
250 mm; Wako) and identified.

Results and Discussion

Production of laccase Higher laccase activity was found
in the medium of static cultures than in those of shaken
cultures of P. ostreatus K16-2. The time course of lac-
case activity in static cultures with MYG medium is
shown in Fig. 1. The laccase activity paralleled mycelial
growth in the early phase of culture phase, and peaked at
day 8, before the mycelial growth reached the stationary
phase. The culture filtrate of day 8 was used as a source
of laccase for purification.
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Fig. 1. Laccase activity in a liquid culture of P. ostreatus K16-2.

Purification and structural properties of laccase The
purification of laccase consisted of six steps, including
ammonium sulfate precipitation, and anion exchange,
hydrophobic, and gel filtration chromatographies. Hydro-
phobic chromatography on a butyl-Toyopearl 650M
column proved to be effective for removing large
amounts of pigment from the enzyme solution. The tar-
get protein peak (Ajg) was then fractionated by the
subsequent anion exchange chromatography. Finally,
the activity was eluted as a single peak that corre-
sponded to a peak in the absorbance at 280 nm in the se-
cond gel filtration. The purified enzyme showed single
protein band on native-PAGE. This band coincided with
the band stained for activity in a gel run simultaneously
(Fig. 2).

Many laccases have been reported to be excreted
extracellularly as several isozymes (Fdhraeus and Rein-
hammar, 1967; Cheung and Marshall, 1969; Morohoshi
et al., 1987; Rehman and Thurston, 1992; Coll et al.,
1993). However, the laccase of P. ostreatus K16-2
appeared as a single activity peak during all chromato-
graphy steps. One reason might be that K16-2 is a
monokaryotic strain. The purification procedure is sum-
marized in Table 1. The yield of purified enzyme was
23% in activity, and the specific activity was purified
1,500-fold.

An attempt to estimate the molecular mass of the
purified protein by SDS-PAGE failed because the protein
did not migrate normally as a single band, even upon
changing the denaturing conditions, such as heat treat-
ment, or the concentrations of mercaptoethanol and sodi-
um dodecyl sulfate. This phenomenon seems to be typi-
cal of glycoproteins in SDS-electrophoresis (Shirahama
et al., 1974; Leach et al., 1980; Wood, 1980; Germann,
1988). When the electrophoresed gel was stained by
the PAS method, a glycoprotein band was found. Sugar

(@) ()

Fig. 2. Polyacrylamide gel electrophoresis of purified laccase
from P. ostreatus K16-2. (a) stained for protein (CBB); (b)
stained for activity (guaiacol).
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Table 1. Summary of purification of laccase from P. ostreatus K16-2.
Purification step Totﬁisi(t:';i)vity Tota(lnp‘);?tein Sp?sgiitc:s;a;g\)/ity Punii_ffig%t)ion Y(i(,)eol;:l
Culture filtrate 4,400 21,000 0.2 — 100
Ammonium sulfate 4,100 10,000 0.4 2 93
1st DEAE-Toyopearl 2,900 900 3.2 16 66
butyl-Toyopearl 2,300 190 12 60 52
2nd DEAE-Toyopear! 1,800 18 100 500 41
1st Superdex 1,300 4.9 270 1,300 30
2nd Superdex 1,000 3.4 290 1,500 23

content of the purified enzyme, determined by the
phenol-sulfuric acid method, was 7.4%. Most of the
extracellular laccases isolated from fungi were reported
to be glycoproteins (Fdhraeus and Reinhammar, 1967;
Wood, 1980; Germann et al., 1988; Coll et al., 1993;
Perry et al., 1993; Eggert et al., 1996; Yaver et al.,
1996).

The molecular mass of the purified enzyme was
measured by MALDI-TOF mass spectrometry and Super-
dex gel-filtration. By mass spectrometry, the protein
gave an abundant [M+H]* ion at m/z 565,034 (Fig. 3).
The molecular weight estimated by gel-filtration was
about 56,000. These results indicated that laccase
from P. ostreatus was monomeric in structure. The iso-
electric point was about 3.0, as determined by isoelectric
focusing.

The concentrated enzyme fractions in the purifica-

tion step after the first gel filtration chromatography
showed a blue color, which suggested the presence of
the type | copper. Difference absorption spectrum of the
P. ostreatus laccase showed a peak at 610 nm, typical of
type | copper, which is responsible for the deep blue color
of the enzyme (Hanna et al., 1988). The enzyme con-
tained 2.7 #g copper per mg enzyme, determined by
atomic absorption spectrometry, which corresponded to
2.3 copper atoms per molecule. This copper content
was similar to that of the laccases from Agaricus bispo-
rus (Wood, 1980) and Schizophyllum commune (de Vries
et al., 1986).

As shown in Table 2, the amino acid composition of
the purified enzyme exhibited high contents of
Asp{(+Asn), Ala, Gly, and Pro. In this feature of amino
acid composition, the enzyme was similar to the laccases
from other fungi, such as Polyporus versicolor (Féhraeus
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Fig. 3. Mass spectrum of purified laccase from P. ostreatus K16-2.
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Table 2. Amino acid composition of laccase from P. ostreatus

K16-2.

Amino acid Amount (mol %)
Asparagine. 14.33
Threonine 7.77
Serine 7.92
Glutamine 5.52
Proline 9.16
Glycine 8.84

Alanine 9.22

Cysteine 0.73

Valine 6.97

Methionine 0.92

Isoleucine 5.95
Leucine 7.78
Tyrosine 2.84

Phenylalanine 5.04

Lysine 1.40
Histidine 2.65
Tryptophan ND2
Arginine 2.94

aND, not detected.

and Reinhammar, 1967), Neurospora crassa (Froehner
and Eriksson, 1974), and Agaricus bisporus.

Functional properties, kinetics, effects of metal ions and
inhibitors The optimum pH for enzyme activity was 6.5
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Effect of pH and temperature on stability of laccase.

Resldual activity (%)

11

in 50 mM Mecllvaine’s buffer. At pH5 and pH 8, the
enzyme exhibited approximately 59% and 27% of maxi-

mum activity, respectively. The optimum temperature
for activity was 50°C during 30-min assay, and the
activity was approximately 1.5-fold higher than at 30°C.
After incubating the enzyme in several buffers at 30°C
for 20 h, the residual activity was assayed. The enzyme
was stable in the pH range from 9 to 11 (Fig. 4A). After
incubation for 30 min at 30, 40, 50, 60, and 70°C, the
residual activities were measured under the standard
conditions. The enzyme was stable (maintained more
than 85% of maximum activity) below 50°C and inacti-
vated at 70°C (Fig. 4B).

The effects of metal ions and inhibitors on the lac-
case activity are shown in Table 3. Ca?*, Co2*, Mg2*,
Zn2*, PCMB, and iodoacetic acid did not affect the en-
zyme activity, whereas Ag?*, Fe2*, Hg2*, EDTA, and
thioglycolic acid showed varying inhibitory effects. [n
addition, the activity was slightly inhibited by Cu2*,
though the enzyme is a copper-containing protein. This
phenomenon was also reported in the laccase from Lenti-
nus edodes (Kofujita et al., 1991). The excess supply of
Cu?* jons might cause the change of the laccase struc-

ture in some groups.

The enzyme oxidized the typical substrates of lac-
case, of which syringaldazine was oxidized at the highest
rate calculated from molar extinction coefficient and K.
Tyrosine and veratryl alcohol were not oxidized. This
result clearly proves that the purified enzyme is a laccase.
The K, values for syringaldazine, ABTS, and guaiacol as
the substrate were 3, 15, and 180 ¢M, respectively.
Those reported for P. ostreatus ‘Florida’ were 15, 280,
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(A) pH stability. The purified enzyme was incubated for 20 h at 30°C in

various buffers, Mcllvaine’s for pH 3 to 8 (®), Tris-HCI for pH 7 to 9 (0), and CAPS-NaOH for pH 9 to 12 (A), containing 50 pg/ml
bovine serum albumin.

{B) Thermal stability.

Residual activity was expressed as the percentage of the activity of the untreated control, taken as 100%.
The purified enzyme in 50 mM potassium phosphate buffer (pH 6.5) containing 50 #g/ml bovine serum

albumin was incubated at each temperature, 30°C (O), 40°C (2), 50°C (dO), 60°C (®), and 70°C (A), for various intervals.
Residual activity was expressed as the percentage of the activity of the untreated control.
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Table 3. Effects of metal ions and inhibitors on the enzyme

activity.
Metal ions and inhibitors Relative activity
(1 mM) (%)
None 100
MgCl, 110
CaCl, 100
FeCl, 4
HgCl, 6
AgNO3 2
CuCl, 80
CuSO0, 85
ZnCl, 110
CoCl, 100
EDTA? 55
Thioglycolic acid 0
PCMB® 100
lodoacetic acid 100

a) EDTA: ethylenediaminetetraacetic acid.
b} PCMB: p-{chroromercurilbenzoic acid.

and 650 M, respectively. These results show that the
purified enzyme of P. ostreatus K16-2 is slightly different
from that of P. ostreatus ‘Florida’ (Table 4).

N-terminal analysis and comparison with other laccases
The N-terminal amino acid sequence of the purified lac-
case from P. ostreatus K16-2 was Ala-lle-Gly-Pro-Thr-
Gly-Asn-Met-Tyr-lle-Val-Asn-Glu-Asp-Val-Ser-Pro-Asp-
Gly-Phe. These 20 residues were compared with the

Table 4. Comparison of properties of laccase from P. ostrea-
tus K16-2 and P. ostreatus 'Florida’.

Properties K16-2 Florida®
Molecular Weight 55,034 59,000
Thermostability <50 <60
pH stability pH6-10 pH 6~7
Active optimum at pH 50°C 50°C
Active optimum at temperature pH6 pH6
Sugar content (%) 7.4 —
Copper content (per molecule) 2 atoms —
K., values

Syringaldazine 3 M 15 uM

ABTS 15 xM 280 M

Guaiacol 180 oM 650 uM
Effect of metal ions (%)

1 mM CuCl, 80 —

1 mM CuSO, 85 —
Effect of inhibitors (%)

1 mMEDTA 55 —

1 mM Thioglycolic acid 0 —

1 mM PCMB 100 —

1 mM lodoacetic acid 100 —

a) Palmieri et al., 1993.

Source of enzyme N-terminal amino acid sequence

Pleurotus ostreatus K16-2

GPTGNMYIYNEDVSPDGF

A
Plaurotus ostreatus ‘Florida’ AIGPAGNMYIYNEDVSPDGF
Corblus hirsutus arepTjanLT]ifs|n[aElvspocrF
Phlebia radiata S|[IGPIVTDFH|I YNIAAYSPDGF
Basidiomycete PM1 S|IGP|VADLT[IS|N|G AlYSPDGF
Trameles villosa GIIGPIYADLT|I|TN[AAYVSPDGF
Pycnoporus cinnabarinus AIGPIVADLTLTINIAAIVSPDGF
Ceriporiopsis snbvermispora | 1 G PIV T D L E[1]TD A F|V S P D G[P

GGGGGC|N[SPTNRQCH|SPGFN
MyLs[TlvLFPLLALNLGLSHA
MR@LAKLFFLSCSFV@LVSS

5 10 15 20

Neurospora crassa

Agaricus bisporus uTKﬂFEFnLvETRLAPDGF

Aspergillus nidulans

Criptococcus neoformans

Fig. 5. Comparison of N-terminal amino acid sequences of the
purified laccase with those from several fungi. Identical
amino acid residues are boxed.

data reported for laccases from other fungi, as shown in
Fig. 5. The highest homology of 95% was observed
with the laccase from P. ostreatus ‘Florida’ (Palmieri,
1993). Similarity was also found with the laccases from
other basidiomycetes, such as Coriolus hirsutus (65%
homology) (Kojima et al., 1990), Phlebia radiata (60%)
(Saloheimo et al., 1991), basidiomycete PM1 (CECT
2971) (55%) (Coll et al., 1993), Trametes villosa (65%)
{Yaver et al., 1998}, Pycnoporus cinnabarinus (55%}
(Eggert et al., 1996), Ceriporiopsis subvermispora (50%)
(Fukushima and Kirk, 1995), and Agaricus bisporus
(35%) (Perry et al., 1993). In contrast, there was no
homology with the N-terminal sequences of laccases
from Neurospora crassa (Germann et al., 1988), Asper-
gillus nidulans (Aramayo and Timberlake, 1990}, and
Cryptococcus neoformans (Williamson, 1994), In com-
parison with the N-terminal amino acid sequences of
reported laccases, the laccase from P. ostreatus K16-2
clearly conserves the character of basidiomycetes, espe-
cially in the sequence |-G-P and V-S-P-D-G-F. It is
remarkable that Japanese wild P. ostreatus strain K16-2
and P. ostreatus ‘Florida’ differ by only one amino acid in
this sequence, though the enzymes differ somewhat in
their properties (Table 4).

To our knowledge, there have been no reports on lac-
case from wild strains of P. ostreatus collected in Japan.
Here we have reported the detailed characterization of
such a purified enzyme and its comparison with other lac-
cases described previously. To determine the laccase
homologies between P. ostreatus and Coprinus cinereus
and develop a method for high level production of lac-
case, molecular cloning of the enzyme from P. ostreatus
is now being undertaken.

Acknowledgements——The authors are grateful to Dr. Yukio
Ishiguro, Mr. Yoshiya Furuta and Dr. Hideki Sakamoto, Research
Institute, Kagome Co. Ltd., for their helpful advices.



Extracellular laccase from Pleurotus ostreatus 13

Literature cited

Aramayo, R. and Timberlake, W.E. 1990. Sequence and
molecular structure of the Aspergillus nidulans yA (laccase
1) gene. Nucleic Acids Res. 18: 3415.

Bollag, J.-M. and Leonowicz, A. 1984. Comparative studies of
extracellular fungal laccases. Appl. Environ. Microbiol. 48:
849-854.

Cheung, D.S.M. and Marshall, K.C. 1969. Antigenic and
some kinetic properties of three p-diphenol oxidase iso-
enzymes of Trametes versicolor. Biochim. Biophys. Acta
178: 177-180.

Coll, P. M., Ferndndez-Abalos, J. M., Villanueva, J. R., Santa-
maria, R. and Péretz, P. 1993. Purification and characteri-
zation of phenoloxidase (laccase) from the lignin-degrading
basidiomycete PM1 (CECT 2971). Appl. Environ. Micro-
biol. 59: 2607-2613.

Davis, B. J. 1965. Disc electrophoresis-ll. Method and applica-
tion to human serum proteins. Ann. N. Y. Acad. Sci. 121:
404-427.

de Vries, O. M. H., Kooistra, W. H. C. F. and Wessels, J. G. H.
1986. Formation of an extracellular laccase by a
Schizophyllum commune dikaryon. J. Gen. Microbiol.
132: 2817-2826.

Dubois, M., Gilles, K. A., Hamilton, J. K., Rebers, P. A. and
Smith, F. 1956. Colorimetric method for determination of
sugars and related substances. Anal. Chem. 28: 350-356.

Eder, J. and Wunsch, A. 1991. Untersuchungen uber die
eiweibqualitdt von austernpilzen (Pleurotus spp.). Chem.
Mikrobiol. Technol. Lebensm. 13: 25-29,

Eggert, C., Temp, U. and Eriksson, K.-E. L. 1996. The lignino-
lytic system of the white rot fungus Pycnoporus cinnabari-
nus: purification and characterization of the laccase. Appl.
Environ. Microbiol. 62: 1151-1158.

Féhraeus, G. and Reinhammar, B. 1967. Large scale produc-
tion and purification of laccase from cultures of the fungus
Polyporus versicolor and some properties of laccase A.
Acta Chem. Scand. 21: 2367-2378.

Froehner, S.C., and Eriksson, K.-E. 1974. Purification and
properties of Neurospora crassa laccase. J. Bacteriol. 120:
458-465.

Fukushima, Y. and Kirk, T. K. 1995, Laccase component of the
Ceriporiopsis subvermispora lignin-degrading enzyme.
Appl. Environ. Microbiol. 61: 872-876.

Germann, U. A., Miiler, G., Hunziker, P. E. and Lerch, K. 1988.
Characterization of two allelic forms of Neurospora crassa
laccase. J. Biol. Chem. 263: 885-896.

Hanna, P. M., Mcmillin, D. R., Pasenkiewicz-Gierula, M., Antho-
line, W.E. and Reinhammar, B. 1988. Type 2-depleted
fungal laccase. Biochem. J. 253: 5661-568.

Kofujita, H., Ohta, T., Asada, Y. and Kuwahara, M. 1991.
Purification and characterization of laccase from Lentinus
edodes. Mokuzai Gakkaishi 37: 562-569.

Kojima, Y., Tsukuda, Y., Kawai, Y., Tsukamoto, A., Sugiura, J.,
Sakaino, M. and Kita, Y. 1990. Cloning, sequence analy-
sis, and expression of ligninolytic phenoloxidase genes of
the white-rot basidiomycetes Coriorus hirsutus. J. Biol.
Chem. 265: 15224-15230.

Kumari, H. L. and Sirsi, M. 1972, Purification and properties of
laccase from Ganoderma lucidum. Arch. Microbiol. 84:
350-357.

Kurtz, M. B. and Champe, S.P. 1982. Purification and charac-
terization of the conidial laccase of Aspergillus nidulans. J.
Bacteriol. 151: 1338-1345.

Laemmli, U.K. 1970. Cleavage of structural proteins during

the assembly of the head of bacteriophage T4. Nature
227: 680-685.

Leach, B. S., Collawn, J. F. and Fish, W. W. 1980. Behavior of
glycopolypeptides with empirical molecular weight estima-
tion method I. In sodium dodecyl sulfate. Biochemistry 19:
5734-5741.

Lineweaver, H. and Burk, D.D. 1934. The determination of
enzyme dissociation constant. J. Am. Chem. 56: 658—
663.

Lowry, O. H., Rosebrough, N. J., Farr, A.L. and Randall, R. L.
1951. Protein measurement with the Folin phenol reagent.
J. Biol. Chem. 193: 265-275.

Maltseva, O.V., Niku-Paalova, M.-L., Leontievsky, A.A.,
Myasoedova, N. M. and Golovleva, L. A. 1991. Ligninolyt-
ic enzymes of the white rot fungus Panus tigrinus.
Biotechnol. Appl. Biochem. 13: 291-302.

Morohoshi, N., Wariishi, H., Muraiso, C., Nagai, T. and
Haraguchi, T. 1987. Degradation of lignin by the extra-
cellular enzymes of Coriolus versicolor V. Mokuzai
Gakkaishi 33: 218-215.

Mosbach, R. 1963. Purification and some properties of laccase
from Polyporus versicolor. Biochim. Biophys. Acta 73:
204-212.

Okamoto, K., Sakamoto, H., Sakai, T. and Yanagi, S. 0. 1995.
Phenoloxidase activity in Coprinus cinereus due to proto-
plasting and insertion treatment with Pleurotus ostreatus
DNA. Biotechnol. Lett. 17: 1127-1130.

Palmieri, P., Giardina, P., Marzullo, L., Desiderio, B., Nitti, G.,
Cannio, R. and Sannia, G. 1993. Stability and activity of a
phenol oxidase from the ligninolytic fungus Pleurotus
ostreatus. Appl. Microbiol. Biotechnol. 39: 632-636.

Perry, C.R., Smith, M., Britnell, C.H., Wood, D.A. and
Thurston, C. F. 1993. Identification of two laccase genes
in the cultivated mushroom Agaricus bisporus. J. Gen.
Microbiol. 139: 1209-1218.

Platt, M. W., Hader, Y. and Chet, I. 1984. Fungal activities
involved in lignocellulose degradation by Pleurotus. Appl.
Microbiol. Biotechnol. 20: 150-154.

Rehman, A.U. and Thurston, C.F. 1992, Purification of lac-
case | from Armillaria mellea. J. Gen. Microbiol. 138:
1251-1257.

Rogalski, J., Dawidowicz, A.L. and Lenowicz, A. 1990.
Purification and immobilization of the inducible form of
extracellular laccase of the fungus Trametes versicolor.
Acta. Biotechnol. 10: 261-269.

Saloheimo, M., Niku-Paavola, M. L. and Knowles, J. K. C. 1991.
Isolation and structural analysis of the laccase gene from
the lignin-degrading fungus Phlebia radiata. J. Gen.
Microbiol. 137: 1537-1544.

Shirahama, K., Tsuji, K. and Takagi, T. 1974. Free-boundary
electrophoresis of sodium dodecyl sulfate-protein poly-
peptide complexes with special reference to SDS polyacryl-
amide gel electrophoresis. J. Biochem., 75: 309-319.

Williamson, P. R. 1994. Biochemical and molecular characteri-
zation of the diphenol oxidase of Cryptococcus neoformans:
identification as a laccase. J. Bacteriol. 176: 656-664.

Wood, D. A. 1980. Production, purification and properties of
extracellular laccase of Agaricus bisporus. J. Gen. Micro-
biol. 117: 327-338.

Yaver, D. S., Xu, F., Golightly, E. J., Brown, K. M., Brown, S. H.,
Rey, M. W., Schneider, P., Halkier, T., Mondorf, K. and
Dalboge, H. 1996. Purification, characterization, molecu-
lar cloning, and expression of two laccase genes from the
white rot basidiomycete Trametes villosa. Appl. Environ.
Microbiol. 62: 834-841.



