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A peroxidase was purified 98.3-fold from the culture filtrate of Pleurotus ostreatus with an overall yield of 12.4%. The molecular
mass determined by gel filtration was found to be approx. 140 kDa. SDS-PAGE revealed that the enzyme consists of two
identical subunits with a molecular mass of approx. 72 kDa. The pl value of this enzyme is approx. 4.3. The enzyme contains
41% carbohydrate by weight, and aspartic acid and asparagine (16.8%), and glutamic acid and glutamine (12.0%). The enzyme
has the highest affinity toward sinapic acid and affinity towards various phenolic compounds containing methoxyl and p-hydroxyl
groups, directly attached to the benzene ring. However, the enzyme does not react with veratryl alcohol and shows no affinity for
nonphenolic compounds. The optimal reaction pH and temperature are 4.0 and 40°C, respectively. The catalytic mechanism of
the enzymic reaction is of the Ping-Pong type. The activity of the enzyme is competitively inhibited by high concentrations of
H,0, and its K; value is 1.70 mM against H,0,. This enzyme contains approx. 1 mol of heme per mol of one subunit of the
enzyme. The pyridine hemochrome spectrum of the enzyme indicates that the heme of P. ostreatus peroxidase is iron
protoporphyrin IX. The EPR spectrum of the native peroxidase shows the presence of a high-spin ferric complex with g values

at 6.102, 5.643 and 1.991.

Introduction

Lignin is a three-dimensional polymer found abun-
dantly in wood and herbaceous plants. It is composed
of phenylpropane subunits interconnected by stable
carbon-carbon and carbon-oxygen bonds. The chemical
nature makes it resistant to microbial attack.

The most potent lignin-degrading organisms are
white-rot fungi and the lignin-degrading enzyme sys-
tems have been studied quite extensively in Phane-
rochaete chrysosporium [1-4]. One of the enzymes,
lignin peroxidase was purified and characterised [5~16]:
The enzyme catalyses the H,0,-dependent oxidation
of a variety of lignin model compounds by one-electron
oxidation. The properties and the reaction mechanisms
of the enzyme are well-characterised in P. chrysospo-
rium. The occurrence of this kind of enzyme has been
reported in Trametes (Coriolus) versicolor [17-19],
Phlebia radiata [20,21), Bjerkandera adusta [22], Poly-
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porus ostreiformis [23] and Streptomyces viridosporus
[24].

However, enzymes of Pleurotus spp., involved in
lignin degradation, were not purified yet, except vera-
tryl alcohol oxidase [25] and phenoloxidase [26,27],
even though these fungi have been reported as well-
known lignin degraders [28-30]. In the present paper,
we report the purification and the characterisation of a
peroxidase from the culture filtrate of P. ostreatus and
its possible implication in lignin degradation.

Materials and Methods

Organism and culture conditions. White-rot fungus,
Pleurotus ostreatus, was obtained from Korean Forest
Research Laboratories. For enzyme production, the
organism was grown in 500-ml Erlenmeyer flasks, each
of which contained 1% malt extract, 0.5% peptone,
0.5% yeast extract and 1% glucose supplemented with
100 ml of water, shaking at 28°C, and then, after 3
days, subsequently incubated at 28°C for 10 days with-
out shaking.

Chemicals. S Sepharose, Sephacryl S-200HR,
Sephacryl S$-300 and molecular mass markers for gel



filtration chromatography were purchased from Sigma,
Protein-Pak DEAE 5PW column from Waters, Pharm-
alyte from Pharmacia and N-glycosidase F, O-glyco-
sidase and molecular mass standards for SDS-PAGE
from Boehringer-Mannheim. All other reagents used
were of the highest quality generally available.

Enzyme assays. An aliquot of peroxidase was incu-
bated in 3 ml of 20 mM sodium acetate buffer (pH 4.0)
containing 20 mM pyrogallol and 0.1 mM H,0,. Its
activity was determined at 30°C by monitoring the
absorbance change at 430 nm due to the formation of
purpurogallin from pyrogallol and using a molar extinc-
tion coefficient of 2470 M~ 'cm™!. The reaction was
initiated by addition of H,O,. One unit (U) of enzyme
activity was defined as the amount of enzyme which
produced 1 pmol of purpurogallin per min per ml.

Enzyme purification. All procedures were performed
at 4°C. The culture suspension was used for the en-
zyme purification after filtration through Whatman No.
1 filter paper. The aqueous solution was centrifuged to
remove particles. Cold acetone (—10°C) was added to
the clarified solution upto 65% saturation and the
resulting precipitate was collected by centrifugation.
After removing the acetone by nitrogen purging, the
precipitate was resuspended in a minimal volume of 20
mM sodium citrate buffer ((pH 3.0), buffer A). The
acetone fraction was applied to a S Sepharose column
(2.8 X 18.5 cm). After the column was washed with 200
ml of buffer A, the enzyme fraction was then eluted
with a linear concentration gradient of 0-0.25 M NaCl
in the same buffer at a flow rate of 30 ml /h. The active
enzyme fraction was applied to a Sephacryl S-200HR
column (2.8 X 120 cm) equilibrated with 20 mM sodium
phosphate buffer ((pH 6.0), buffer B). The enzyme was
eluted with the same buffer at a flow rate of 30 ml/h.
The pooled active fractions were further purified by
the Waters Delta Prep 4000 chromatography system.
After passing the active fractions through Protein-PAK
DEAE 5PW column (2.15 X 15 c¢m), which was equili-
brated with buffer B, the column was washed with 150
ml of buffer B and the enzyme was then eluted with a
linear concentration gradient of 0-0.25 M NaCl in the
same buffer at a flow rate of 5 ml/min.

Molecular mass determination. The molecular mass
of native protein was determined by gel-filtration chro-
matography on a Sephacryl S-300 column. The column
was calibrated with apoferritin (443 kDa), B-amylase
(200 kDa), alcohol dehydrogenase (150 kDa), bovine
serum albumin (66 kDa) and carbonic anhydrase (29
kDa). SDS-PAGE was performed on polyacrylamide
gels with concentrations ranging from 5 to 20%, ac-
cording to the method proposed by Lambin [31]. As
standard marker proteins, a,-macroglobulin (170 kDa),
phosphorylase b (97.4 kDa), glutamate dehydrogenase
(55.4 kDa), lactate dehydrogenase (36.5 kDa) and
trypsin inhibitor (20.1 kDa) were used. Coomassie bril-

159

liant blue G-250 was used for staining according to the
method proposed by Neuhoff et al. [32].

Isoelectric focusing. Flat bed isoelectric focusing was
carried out at 4°C for 3 h under the final setting of
1030 V and 4 W, using a 5% polyacrylamide gel con-
taining 6.25% Pharmalyte of pH-range 4.0-6.5.

Determination of concentrations of protein and carbo-
hydrate. The protein concentration was determined
according to the method proposed by Lowry et al. [33],
using bovine serum albumin as a standard protein. The
carbohydrate content was determined according to the
method proposed by Dubois et al. [34], using glucose as
a standard carbohydrate. The contents of N-linked and
O-linked glycan were determined using N-glycosidase
F and O-glycosidase.

Amino-acid analysis. The amino-acid analysis was
performed by reverse-phase chromatography after
phenylisothiocyanate derivatisation. About 15 ug of
enzyme was hydrolysed with 6 M HCI in vacuo at
105°C for 24 h, according to the method proposed by
Bidlingmeyer et al. [35]. Amino-acid analysis was car-
ried out with a reverse-phase high-performance PICO-
TAG column.

Kinetic calculations. Rates of substrate oxidation
were determined by means of spectrophotometry, using
molar extinction coefficients of various substrates. The
molar extinction coefficients determined in 50 mM
sodium acetate buffer (pH 4.0) were 25460 M~ 'cm ™!
at 316 nm for sinapic acid, 8360 M~ 'cm~! at 256 nm
for protocatechuic acid, 11460 M~ 'cm™! at 307 nm
for p-coumaric acid, 22160 M~ 'cm™' at 318 nm for
ferulic acid, 13480 M~ 'cm™! at 295 nm for o-dianisi-
dine, 21240 at 431 nm for phenol red, 5880 M~ !cm~!
at 267 nm for gallic acid, 9820 M~ 'cm ™! at 270 nm for
syringic acid, 10680 M~ 'cm™~! at 257 nm for vanillic
acid, 18200 M~! cm ! at 253 nm for p-hydroxybenzoic
acid and 9300 M~'cm™! at 310 nm for veratryl alco-
hol. For pyrogallol, the kinetic data were collected
under the standard assay conditions. The K, values
were determined measuring initial velocity. All kinetic
studies were performed at least three times and the
kinetic data were fitted to hyperbola using the
Michaelis-Menten equation. The best values were de-
termined by a linear least-square regression analysis.

Spectroscopic studies. UV absorption spectra of per-
oxidase were obtained by means of Shimadzu model
UV-265 spectrophotometer (Japan). Spectra were ob-
tained at 30°C using a 1-cm quartz cuvette containing
enzyme dissolved in 0.1 M sodium phosphate buffer
(pH 6.0). The heme content of the enzyme was deter-
mined by measuring the absorbance of heme-pyridine
complex at 556.5 nm and calculating with its molar
extinction coefficient of 33200 M~ cm ™!, according to
the method proposed by Appleby and Morton [36].

The EPR spectrum of native enzyme was measured
on Bruker ESP 300S EPR spectrometer (Germany)
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with 5 G modulation amplitude, 10 mW microwave
power and 9.46 GHz frequency. Probe temperature
was regulated with a helium cryostat equipped with a
temperature-control unit. Temperature was main-
tained at approx. 9 K and 1,1-diphenyl-2-picrylhydrazyl
was used as a g-marker.

Results and Discussion

Purification of peroxidase

The peroxidase was purified from the culture filtrate
as summarised in Table 1. The enzyme was purified
98.3-fold, with a recovery of 12.4%. The specific activ-
ity of the purified enzyme was 11.80 units per mg of
protein.

Molecular properties

The apparent molecular mass of the purified en-
zyme was approx. 140 kDa as determined by Sephacryl
S-300 column chromatography. On the other hand,
when the enzyme was subjected to SDS-PAGE, a sin-
gle band of approx. 72 kDa was found (Fig. 1), indicat-
ing that the peroxidase is composed of two identical
subunits. The mobility of protein was not changed after
SDS-PAGE in the absence of 2-mercaptoethanol, indi-
cating that the dissociation of subunit was not depen-
dent on a reducing agent. The molecular mass of this
enzyme was quite distinct from those of other fungal
peroxidases involved in lignin degradation, including
lignin peroxidase and Mn(II)-dependent peroxidase of
P. chrysosporium, which have been reported to be
41-42 kDa [5,7,16,37].

The peroxidase contains approx. 41% carbohydrate
by weight, estimated according to the method proposed
by Dubois et al. [34]. Molecular masses of the enzyme
deglycosylated with N-glycosidase F, O-glycosidase and
both enzymes were estimated to be approx. 59, 55 and
45 kDa, respectively (Fig. 2). From this result the
contents of N-linked and O-linked glycan are calcu-
lated to be 18 and 23%, respectively. Its carbohydrate

TABLE 1

Purification of an extracellular peroxidase from P. ostreatus

Step Total Total Specific Yield Purification
protein activity activity %)  (-fold)
(mg) (umit) (U/mg)

Culture filtrate 384 47.6 012 100 1
Acetone precipitation 126 42.6 0.34 895 2.8
S Sepharose

chromatography 105 231 2.20 485 183
Sephacryl S-200HR

chromatography 43 159 3.70 334 308
Protein-Pak DEAE

chromatography 0.5 5.9 11.80 124 983

Fig. 1. SDS-PAGE of the P. ostreatus peroxidase. The gel concentra-

tion was 5~20%. Lane 1, purified enzyme; lane 2, molecular mass

markers; a,-macroglobulin (a, 170 kDa), phosphorylase b (b, 97.4

kDa), glutamate dehydrogenase (c, 55.4 kDa), lactate dehydrogenase
(d, 36.5 kDa) and trypsin inhibitor (e, 20.1 kDa).

content is very high, compared to that of lignin peroxi-
dase from P. chrysosporium (13%), which was reported
by Tien and Kirk [5] and that of ligninase-I (21%) and
that of peroxidase-M2 (17%) from P. chrysosporium
BKM-F-1767, which were reported by Paszczynski et
al. [37].

Fig. 2. Changes of electrophoretic mobility of the P. ostreatus peroxi-

dase after SDS-PAGE after treatment of deglycosylating enzymes.

Lane 1, native peroxidase; lane 2, peroxidase treated with N-glyco-

sidase F; lane 3, peroxidase treated with O-glycosidase; Lane 4,
peroxidase treated with both enzymes.



Amino-acid composition

The amino-acid composition of P. ostreatus peroxi-
dase is given in Table II. The characteristic point of
the amino-acid composition is that the contents of
glutamic acid and glutamine (12.0%), and aspartic acid
and asparagine (16.8%) in P. ostreatus peroxidase are
higher than those in Coprinus cinereus peroxidase [38].
The N-terminal amino acid was not detected by Edman
procedure, indicating that the N-terminus of this en-
zyme may be blocked, which is similar to the case of C.
cinereus peroxidase [38].

Substrate specificity

This enzyme exhibited peroxidase activity for a wide
variety of phenols and phenolic compounds. This activ-
ity was dependent on H,0,. The ability of the enzyme
to catalyse oxidation of various aromatic compounds
was investigated (Table III). This peroxidase has a high
affinity towards phenolic compounds containing
methoxyl and p-hydroxyl group, directly attached to
the benzene ring, such as sinapic acid and proto-
catechuic acid. However, P. ostreatus peroxidase does
not oxidise veratryl alcohol, which is a well-known
substrate of various lignin peroxidases [5-16]. Also,
this peroxidase shows no affinity for nonphenolic com-
pounds, which are readily attacked by the lignin peroxi-
dases [10].

Thus, it is suggested that the action mode of this
enzyme is different from lignin peroxidase of P.
chrysosporium [5-16] and Streptomyces viridosporus [24].
Garcia et al. [39] suggested that P. ostreatus produces

TABLE II

Amino-acid compositions of P. ostreatus peroxidase (POP) and Copri-
nus cinereus peroxidase (CiP)

Amino-acid residue mol /100 mol

POP Cip #
Asp/Asn 16.8 10.24
Glu/Gln 12.0 9.95
Phe 8.5 6.79
Leu 7.5 8.46
Ser 6.7 8.69
Pro 6.6 7.83
Gly 6.3 5.46
Thr 6.3 5.33
Ala 6.1 6.33
Arg 4.9 6.24
Val 4.5 5.25
Ile 3.9 4.68
Lys 35 1.52
Tyr 2.6 1.63
His 2.4 1.24
Met 14 2.68
Half Cys n.d. 2.03
Trp n.d. 0.94

n.d., not determined.
# Data from Ref. 38.
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TABLE 111
Substrate specificity of the peroxidase from P. ostreatus

Each value was obtained from at least three experiments in dupli-
cate.

Substrate Relative activity
(%)
Sinapic acid 100.0
Protocatechuic acid 84.5
p-Coumaric acid 60.0
Ferulic acid 55.9
o-Dianisidine 48.7
Pyrogallol 41.6
Phenol red 34.7
Gallic acid 17.0
Syringic acid 10.2
Vanillic acid 2.1
p-Hydroxybenzoic acid 1.1
Veratryl alcohol 0.0

another type of peroxidase which is not recognised by
an antibody against lignin peroxidase originated from
P. chrysosporium. In this respect, it is concluded that
the peroxidase of P. ostreatus may play different roles
in the lignin degradation.

Effects of pH and temperature on the enzyme activity

The effect of pH on the peroxidase activity was
examined at pH values ranging from 3.0 to 8.0. From
the bell-shaped pH profile shown in Fig. 3A, the opti-
mal pH for the peroxidase activity was estimated to be
around 4.0. The enzyme was stable at 30°C for 1 h in
pH range from 5.0 to 7.0 (Fig. 3B).

As shown in Fig. 4A, the optimal temperature for
the enzyme activity was about 40°C under the standard
assay conditions. Thermal inactivation was investigated
by incubating the enzyme in 20 mM sodium acetate

801 -

Relative activity (%)

20 r

30 40 50 60 70 30 40 50 60 70 80

pH
Fig. 3. Effect of pH on P. ostreatus peroxidase activity. (A), Enzyme
activity was assayed at various pH values under the standard assay
conditions. (B), The enzyme was incubated in 0.1 M citrate-phos-
phate buffer at the various pH values at 30°C for 1 h and the
remaining activity was measured.
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Fig. 4. Effect of temperature on P. ostreatus peroxidase activity. (A),

Enzyme activity was assayed in 20 mM sodium acetate buffer

(pH 4.0) at various temperatures. (B), The enzyme was incubat-

ed at various temperatures for 1 h and the remaining activity was

measured.

buffer (pH 4.0) at a designated temperature for 1 h.
The enzyme was stable up to 30°C (Fig. 4B).

Kinetic properties

Apparent K, values of the peroxidase for pyrogal-
lol and H,O, were calculated from double-reciprocal
plots. The X and V,, values for pyrogallol were
13.39 uM and 0.42 pmol/s under the standard en-
zyme assay conditions. Sinapic acid was one of the
most efficient substrates (Table III). And the K, and
Vinax Values for H,O, were 46.73 uM and 0.19 pmol /s,
respectively. The mechanism of the oxidation of pyro-
gallol by the peroxidase was investigated measuring
initial velocity. As shown in Fig. 5, the lines obtained
from Lineweaver-Burk plots for various concentrations
of H,0, showed parallel lines, suggesting a Ping-Pong
mechanism. At concentrations above 200 pM, H,0,
inhibited competitively the oxidation of pyrogallo] by
the enzyme (Fig. 6A) and the secondary replot of the

8l
Hz Oz (uM)
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< 50
=
at 100
200
2.
~ 1 Lé 1 1 L
0.1 006 002 002 006 03
1/[PyrogallofjuM™

Fig. 5. Double-reciprocal plots of initial velocity vs. pyrogallol con-
centrations with various concentrations of H,0,.

B A
24 !'
H,02(mM)
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é& J 89 o 10
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Kig, ‘ - 25
4 0 4 8 40F 1.67
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— R
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1/[Pyrogallol] uM”
Fig. 6. Inhibition of P. ostreatus peroxidase by H,0,. (A),
Lineweaver-Burk plot at various H,0, concentrations and (B), sec-
ondary replot of the slopes vs. H,0, concentration.

slopes vs. the reciprocal of H,0, concentrations was
linear and indicated a K; value of 1.7 mM (Fig. 6B).

Identification of the prosthetic group

The absorption spectrum of the purified enzyme
showed maxima at approx. 400, 510 and 640 nm and
the ratio of A4 ,4,/A 54, reached 1.25. The molar extinc-
tion coefficient of the enzyme was 223 mM~'cm ! at
400 nm (Fig. 7). The addition of H,0, to the enzyme
solution results in a red shift from 400 and 510 to 420
and 525 nm, respectively, and absorbance decrease
(Fig. 8). These spectral characteristics are very similar
to Mn(ID)-dependent peroxidase from P. chrysosporium
[7] and suggest that the enzyme is a hemoprotein. This
was verified by formation of a diagnostic pyridine-he-
mochromogen complex. The pyridine hemochrome
spectra of the peroxidase gave absorbance maxima at

0.375}

Absorbance

200 300 500 700

Wavelength (nm)
Fig. 7. Absorption spectrum of P. ostreatus peroxidase in 0.1 M
sodium phosphate buffer (pH 6.0).
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Fig. 8. Absorption spectra of P. ostreatus peroxidase. 240 ug enzyme
was dissolved in 0.1 M sodium phosphate buffer (pH 6.0). The
oxidized form (------ ) was obtained by adding 0.1 mM H,0, to
the reduced form ( ). The inset shows the enlarged spectrum.

approx. 418, 525 and 556 nm. It was reported that the
pyridine hemochrome of Mn(II)-dependent peroxidase
determined under the same conditions showed identi-
cal spectrum, indicating that the heme of P. ostreatus
peroxidase is iron protoporphyrin IX.

On the basis of the molar extinction coefficient of
33200 M~ 'cm™! for the pyridine hemochrome at 556.5
nm [36], the heme content was calculated to be approx.
1 mol per mol of one subunit of the enzyme.

The EPR spectrum of native peroxidase at approx. 9
K is shown in Fig. 9. The g values for the enzyme are
6.102, 5.643 and 1.991, and these are characteristic of a
high-spin (§ = 5/2) ferric state. The EPR spectrum is
distinct from that of high-spin pentacoordinate ferric
lignin peroxidase [6), horseradish peroxidase [40], cy-
tochrome-c peroxidase [40] and catalase [41]. These
results led to the suggestion that the heme environ-

Fig. 9. X-band EPR spectrum of P. ostreatus peroxidase. Experimen-
tal conditions were described in Materials and Methods.
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ment of this peroxidase is different from that of any
other peroxidase.

Acknowledgements

This research was supported by KOSEF research
grant for SRC (Research Center for Molecular Micro-
biology, Seoul National University) and by non-di-
rected research fund, Korea Research Foundation,
1991.

References

1 Tien, M. and Kirk, T.K. (1983) Science 221, 661-663.

2 Kirk, T.K. and Farrell, R.L. (1987) Annu. Rev. Microbiol. 41,
465-505.

3 Eriksson, K.-E.L., Blanchette, R.A. and Ander, P. (1990) in
Microbial and Enzymatic Degradation of Wood and Wood Com-
ponents, pp. 253-307, Springer, Berlin.

4 Gold, M.H., Kuwahara, M., Chiu, A.A. and Glenn, J.K. (1984)
Arch. Biochem. Biophys. 234, 353-362.

5 Tien, M. and Kirk, T.K. (1984) Proc. Natl. Acad. Sci. USA 81,
2280-2284.

6 Andersson, L.A., Renganathan, V., Chiu, A A., Loehr, T.M. and
Gold, M.H. (1985) J. Biol. Chem. 260, 6080-6087.

7 Glenn, J K. and Gold, M.H. (1985) Arch. Biochem. Biophys. 242,
329-341.

8 Kuila, D., Tien, M., Fee, J.A. and Ondrias, M.R. (1985) Biochem-
istry 24, 3394-3397.

9 Renganathan, V., Miki, K. and Gold, M.H. (1985) Arch. Biochem.
Biophys. 342, 304-314.

10 Kirk, T.K,, Tien, M., Kersten, P.J., Mozuch, M.D. and Kalyanara-
man, B. (1986) Biochem. J. 236, 287-297.

11 Kirk, T.K,, Croan, S., Tien, M., Murtagh, K.E. and Farrell, R.L.
(1986) Enzyme Microb. Technol. 8, 27-32.

12 Andersson, L.A., Renganathan, V., Loehr, T.M. and Gold, M.H.
(1987) Biochemistry 26, 2258-2263.

13 Leisola, M.S.A., Kozulic, B., Meussdoerffer, F. and Fiechter, A.
(1987) J. Biol. Chem. 262, 419-424.

14 Mino, Y., Wariishi, H., Blackburn, N.J., Loehr, T.M. and Gold,
M.H. (1988) J. Biol. Chem. 263, 7029-7036.

15 Cai, D. and Tien, M. (1990) Biochemistry 29, 2085-2091.

16 Glumoff, T., Harvey, P.J., Molinari, S., Goble, M., Frank, G.,
Palmer, J.M., Smit, J.D.G. and Leisola, M.S.A. (1990) Eur. J.
Biochem. 187, 515-520.

17 Dodson, P.J., Evans, C.S., Harvey, P.J. and Palmer, J.M. (1987)
FEMS Microbiol. Lett. 42, 17-22.

18 Jonsson, L., Johansson, T., Sjéstrom, K. and Nyman, P.O. (1987)
Acta Chem. Scand. B41, 766-769,

19 J6nsson, L., Karlsson, O., Lundquist, K. and Nyman, P.O. (1989)
FEBS Lett. 247, 143-146.

20 Niku-Paavola, M.-L., Karhunen, E., Salola, P. and Raunio, V.
(1988) Biochem. J. 254, 877-884.

21 Kantelinen, A., Hatakka, A. and ViiKari, L. (1989) Appl. Micro-
biol. Biotechnol. 31, 234-239.

22 Kimura, Y., Asada, Y. and Kuwahara, M. (1990) Appl. Microbiol.
Biotechnol. 32, 436-442.

23 Dey, S., Maiti, T.K. and Bhattacharyya, B.C. (1991) J. Ferment.
Bioeng. 72, 402-404.

24 Ramachandra, M., Crawford, D.L. and Hertel, G. (1988) Appl.
Environ. Microbiol. 54, 3057-3063.

25 Bourbonnais, R. and Paice, M.G. (1988) Biochem. J. 255, 445-450.

26 Kim, K.J,, Shin, K.S. and Hong, S.W. (1986) Kor. J. Microbiol. 14,
43-47.



164

27 Kim, K.J., Shin, K.S., Maeng, J.S., Kang, S.-O., Hah, Y.C. and
Hong, S.W. (1987) Kor. J. Microbiol. 25, 148-156.

28 Commanday, F. and Macy, J.M. (1985) Arch. Microbiol. 142,
61-65.

29 Hiroi, T. and Eriksson, K.E. (1976) Sven. Papperstidn. 79, 157-
161.

30 Hiroi, T., Eriksson, K.E. and Stenlund, B. (1976) Sven. Papper-
stidn. 79, 162-166.

31 Lambin, P.C. (1978) Anal. Biochem. 85, 114-123.

32 Neuhoff, V., Arold, N., Taube, D. and Ehrhardt, W. (1988)
Electrophoresis 9, 255-262.

33 Lowry, O.H., Rosebrough, N.J., Parr, AL. and Randall, R.J.
(1951) 1. Biol. Chem. 193, 265-275.

34 Dubois, M., Gilles, K.A., Hamilton, J K., Robers, P.A. and Smith,
F. (1956) Anal. Chem. 28, 350-356.

35 Bidlingmeyer, B.A., Cohen, S.A. and Tarvin, T.L. (1984) J. Chro-
matogr. 336, 93-104.

36 Appleby, C.A. and Morton, R.K. (1959) Biochem. J. 73, 539-550.

37 Paszczynski, A., Huynh, V.B. and Crawford, R.L. (1986) Arch.
Biochem. Biophys. 244, 750-765.

38 Morita, Y., Yamashita, H., Mikami, B., Iwamoto, H., Aibara, S.,
Terada, M., and Minami, J. (1988) J. Biochem. 103, 693-699.

39 Garcia, S., Latge, J.P.,, Prevost, M.C. and Leisola, M.S.A. (1987)
Appl. Environ. Microbiol. 53, 2384-2387. -

40 Dunford, H.B. and Stillman, J.S. (1976) Coord. Chem. Rev. 19,
187-251.

41 Torii, K. and Ogura, Y. (1968) J. Biochem. 65, 171-179.



