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A peroxidase (DyP) involved in the decolorization of dyes and produced by the fungus strain Geotrichum
candidum Dec 1 was purified. DyP, a glycoprotein, is glycosylated with N-acetylglucosamine and mannose (17%)
and has a molecular mass of 60 kDa and an isoelectric point (pI) of 3.8. The absorption spectrum of DyP
exhibited a Soret band at 406 nm corresponding to a hemoprotein, and its Na,S,0,-reduced form revealed a
peak at 556 nm that indicates the presence of a protoheme as its prosthetic group. Nine of the 21 types of dyes
that were decolorized by Dec 1 cells were decolorized by DyP; in particular, anthraquinone dyes were highly
decolorized. DyP also oxidized 2,6-dimethoxyphenol and guaiacol but not veratryl alcohol. The optimal tem-
perature for DyP activity was 30°C, and DyP activity was stable even after incubation at 50°C for 11 h.

The discharge to the environment of 10 to 15% of the syn-
thetic dyes produced (42) causes environmental problems.
These dyes are poorly biodegradable because of their struc-
tures, and treatment of wastewater containing dyes usually
involves physical and/or chemical methods. Although these
treatment methods are efficient, they may result in the produc-
tion of toxic by-products and/or require high levels of energy.
Microbial decolorization has been proposed as a less expensive
and less environmentally intrusive alternative. Various bacteria
and fungi have decolorizing abilities, and an extensive review
of microbiological decolorization has been made (3); in many
cases adsorption of dyes to the microbial cell surface is the
primary mechanism of decolorization (22).

Azo dyes may be microbially degraded under anaerobic (28,
52) or aerobic (8, 13, 30, 32, 42, 47) conditions or in aerobic
and anaerobic two-stage systems (39). Enzymes, such as lignin
peroxidase (LiP), manganese peroxidase (MnP), and laccase,
all of which are involved in lignin degradation, participate in
the decolorization of the dyes (6-8, 13, 30, 47). Recently,
another such peroxidase was purified from Pleurotus ostreatus
that was found to be different from MnP, LiP, and horseradish
peroxidase (HRP) (17, 41). However, few studies have been
made of the enzymatic degradation of anthraquinone dyes,
which are xenobiotic chemicals similar to azo dyes but different
in structure (11, 22, 31, 47).

Previously, we reported that Geotrichum candidum Dec 1, a
newly isolated decolorizing fungus, decolorized 21 types of
reactive dyes, including azo and anthraquinone dyes (18). The
broad decolorization spectrum of this strain suggested the in-
volvement of extracellular peroxidase-type enzymes. Our ob-
jectives in this study were to purify and characterize the novel
peroxidase (DyP) that is responsible for the dye-decolorizing
activity of G. candidum Dec 1.
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MATERIALS AND METHODS

Organism and culture media. Geotrichum candidum Dec 1 was isolated from
soil (18-20). Cells of Dec 1 from a potato dextrose agar (PDA) (Eiken Chemical
Co. Ltd., Tokyo, Japan) slant stored at 4°C were transferred to fresh PDA plates
and incubated at 30°C for 6 days; all of the mycelia on the PDA plates were
suspended in sterile distilled water. After being filtered through gauze to remove
fungal mycelia, a spore suspension of about 107 CFU/ml was prepared. Potato
dextrose broth (Difco) was used for liquid cultivation.

Enzymes and chemicals. HRP (Wako Chemical Co. Ltd., Osaka, Japan) was
used for comparison with the newly purified peroxidase involved in decoloriza-
tion (DyP). The main dyes used were Reactive Blue 5 (RBS5), an anthraquinone
dye, and model compounds of RB5 (Nippon Kayaku Co., Ltd., Tokyo, Japan),
i.e., 1,4-diamino-2-sodium anthraquinone sulfonate (AQ-2"), 1-amino-4-methyl-
amino-2-sodium anthraquinone sulfonate (AQ-2), and 1-amino-4-(3-amino-4-
sodium-sulfonoanilino)-2-sodium anthraquinone sulfonate (AQ-1). The other
reagents used were of the highest quality available.

Enzyme purification. One hundred fifty milliliters of potato dextrose broth in
a 500-ml flask was inoculated with 5 ml of spore suspension and shaken at 30°C
at 120 strokes per min for 6 days. Unless otherwise stated, all procedures were
performed at 4°C. The supernatant (4.4 X 10 ml) obtained by centrifugation of
the culture broth at 7,200 X g for 20 min was passed through a glass fiber filter
(GC 50; Toyo Roshi Co. Ltd., Tokyo, Japan) to remove polysaccharides pro-
duced during cultivation. The filtrate was concentrated to 60 ml by ultrafiltration
with a YM 10 membrane (Amicon Grace Japan, Tokyo, Japan). The concentrate
was dialyzed with 25 mM piperazine buffer with a counterion of piperazine
chloride (pH 5.5) to 80 ml and then concentrated to 17 ml by ultrafiltration with
Centriprep 10 (Amicon Grace Japan). The pooled fraction (17 ml) was loaded
onto a Super Q 650M (Tosoh Co. Ltd., Tokyo, Japan) column (2.8 by 6.0 cm)
previously equilibrated with the same buffer (pH 5.5). The column was subse-
quently washed with 200 ml of the same buffer. The enzyme was eluted with a
linear gradient of 0 to 0.4 M NaCl in 25 mM piperazine buffer with a counterion
of piperazine chloride (pH 5.5) at a flow rate of 1 ml/min, and 1-ml fractions were
collected. The fractions that exhibited enzyme activity were pooled and then
concentrated to 2.8 ml with Centriprep 10. The 2.8-ml of concentrate was applied
to a Butyl Toyopearl (Tosoh Co. Ltd.) column (1.6 by 6.5 cm) equilibrated with
25 mM citrate buffer (pH 5) containing 0.8 M (NH,),SO,. After the column was
washed with 50 ml of the same equilibration buffer, proteins were eluted with a
linear gradient of 0.8 to 0 M (NH,),SO, in 25 mM citrate buffer (pH 5) at an
elution rate of 1 ml/min, and 1-ml fractions were collected. Fractions correspond-
ing to the main peak that exhibited enzyme activity were collected and divided
into those corresponding to the left half of the peak and those corresponding to
the right half of the peak. Each of the pooled proteins was dialyzed against 25
mM citrate buffer (pH 5) and concentrated to 2.8 ml with Centriprep 10. The
dialyzed proteins were preserved at 4°C before being used in enzyme character-
ization.

Enzyme assay. Twenty-one types of dyes that were used in a previous study
(18) and model compounds of RB5, AQ-1, AQ-2, and AQ-2' were used in the
assay for purified enzyme activity.

We measured DyP activity in the supernatant of the culture broth by adding 1
ml of 25 mM citrate buffer (pH 3) to 2 ml of the supernatant to adjust its pH to
3.2 and then adding 119 uM RBS.
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TABLE 1. Purification of peroxidase from supernatant of G. candidum Dec 1 culture
. . Protein Total activity Sp act Activity yield Purification
Purification step (mg) L) (U/mg) (%) (fold)
Supernatant 88 244 0.28“ 1
Ultrafiltration (YM 10) 28 4.2 X 107 15 100¢ 55
Super Q chromatography 7.8 3.0 X 10? 34 71 140
Butyl Toyopearl chromatography 1.5 85 57 20 210

“ Total and specific activities were underestimated, presumably because of the presence of inhibitors in the supernatant; thus, the activity yield was calculated based

on the value after YM 10 treatment.

For the enzyme assay of the samples obtained from the ultrafiltration and
Super Q purification steps, crude enzyme solution (100 to 300 ng/ml) was incu-
bated in 3 ml of 25 mM citrate buffer (pH 3.2) containing 119 uM RBS. Purified
peroxidase (1.9 nM) eluted by Butyl Toyopearl chromatography was mixed with
3 ml of 25 mM citrate buffer containing each dye or model compound of RB5.
DyP activity was measured with a spectrophotometer (UV-240; Shimadzu,
Kyoto, Japan) at the maximum absorption wavelength of each dye and model
compound at optimal pH. Measurement of DyP activity was initiated by the
addition of 0.2 to 0.4 mM H,O, at 30°C except for the assay of optimal temper-
ature for decolorization. One unit of enzyme activity was defined as the amount
of enzyme required for the decolorization of 1 wmol of RB5 or AQ-2’ per min
in the reaction mixtures. The value used was an average of three experiments,
and the error was *5%.

To assay the RB5-decolorizing activity of HRP, 1.7 nM HRP (with a molecular
mass of 40 kDa) was used at an optimal pH of 4.0.

The 2,6-dimethoxyphenol oxidation activity of DyP was measured by the in-
crease in absorbance at 470 nm (A4,,) of the reaction mixture containing 25 mM
citrate buffer (pH 4.5), 2.8 nM purified DyP, 0.2 mM 2,6-dimethoxyphenol, and
0.2 mM H,O,. The oxidation of guaiacol was measured in the same manner as
that of 2,6-dimethoxyphenol except for the addition of 1 mM guaiacol instead of
2,6-dimethoxyphenol and measurement at A4 ¢s.

The RB5-decolorizing activity of purified DyP was measured at different
temperatures to determine the optimal temperature. To compare the thermo-
stabilities of DyP and HRP, DyP and HRP solutions in 25 mM citrate buffer were
incubated at 40, 50, and 60°C and the activities of periodically sampled DyP and
HRP were measured at 30°C.

Protein concentration. Protein concentration was measured by the Bradford
method (5) with bovine gamma globulin (Bio-Rad) as the standard.

Determination of molecular mass and isoelectric point. The apparent molec-
ular mass of purified DyP was estimated by gel filtration chromatography on a
Sephacryl S-200 column (3.1 by 95 c¢m) eluted in 25 mM citrate buffer (pH 5).
The standard proteins (Bio-Rad) used were thyroglobulin (670 kDa), ovalbumin
(44 kDa), myoglobin (17 kDa), gamma globulin (158 kDa), and vitamin B, (1.35
kDa).

Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (type AE-
6440; ATTO Co. Ltd., Tokyo, Japan) was performed in a 10% polyacrylamide
gel. Reduced a-2-macroglobulin (170 kDa), phosphorylase b (97.4 kDa), gluta-
mate dehydrogenase (55.4 kDa), lactate dehydrogenase (36.5 kDa), and trypsin
inhibitor (20.1 kDa) were used as standard-molecular-mass proteins for electro-
phoresis (Combithek; Boehringer Mannheim Yamanouchi Co. Ltd., Tokyo, Ja-
pan).

The isoelectric point (pI) of DyP was determined by isoelectric point electro-
phoresis (Multiphor IT 2-D; Pharmacia) with a low-pI calibration kit (pH 2.5 to
6.5) (Pharmacia) as a standard pI marker.

Assay for hemoprotein. Purified DyP (7 pM) in 25 mM citrate buffer (pH 5)
was scanned at 700 to 300 nm to identify the Soret band, and then 25 pM H,0,
was added to oxidize DyP and to allow observation of the shift of the Soret band.
A small amount of Na,S,0, was added to the oxidized DyP to obtain the reduced
form (44). The pyridine hemochrome content per mole of DyP was estimated by
using the molar extinction coefficient of pyridine hemochrome (33 x 10> M~!
cm ™! at 556 nm), as described for cytochrome b, (1).

Sugar analysis. DyP (50 pg) was dried at 100°C and then hydrolyzed in 100 pl
of 2.5 M trifluoroacetic acid at 100°C for 6 h. Then it was dried to remove the
trifluoroacetic acid and coupled with 2-aminopyridine, a fluorescent compound,
as described by Hase et al. (14). The reactant was adjusted to pH 9 by adding
NH,OH, and a two-phase separation was conducted seven times with chloroform
to remove excess 2-aminopyridine. The hydrolyzed sugars were eluted with 0.25
M citrate buffer containing 1% acetonitrile (pH 4) by high-pressure liquid chro-
matography with ODS-120T (Tosoh Co. Ltd.) at a rate of 1 ml/min as described
previously (15, 44). Glucosamine (Glc), mannose (Man), fucose (Fuc), N-acetyl-
mannosamine (ManNAc), N-acetylglucosamine (GIcNAc), and N-acetylgalac-
tosamine (GalNAc) were used as standard sugars.

Comparison of the dye-decolorizing activity of DyP and HRP. The RB5-
decolorizing activities of DyP and HRP were measured at optimal pH values of
3.2 and 4.0, respectively. To obtain pseudo-first-order kinetic constants, the
necessary concentrations of enzymes were used so that the decolorization rates
of the dyes were not limited by substrate concentration. The concentrations of

DyP and HRP were determined to be 1.3 and 1.7 nM, respectively. The concen-
tration of RB5 was varied from 24 to 119 wM. The concentration of H,O, varied
from 10 to 20 uM to avoid inhibiting the enzyme activity. The K,,,ops) of RBS was
estimated at 0.2 mM H,O, from a plot of enzyme activity against RBS concen-
tration. K, (ops) Of H,O, was estimated at a fixed RB5 concentration of 119 uM
from the relationship between enzyme activity and H,O, concentration. Keay(obs)
of DyP was estimated from V/,,,, obtained from the reciprocal plot between DyP
activity and RB5 concentration (36). Each value was obtained in triplicate, and
the average value was used. The error was =10%.

Second-order kinetics. AQ-2', a simplified form of RBS, was used as a sub-
strate mainly because the by-products derived from RB5 degradation inhibited
DyP activity, as described previously (18), and the mechanism of DyP activity can
be clarified easily by using a simplified substrate. The concentration of DyP was
fixed at 2.5 nM, and that of AQ-2' varied from 60 to 150 pM. H,O, was used in
the range of 20 to 80 pM, because the inhibitory effect of H,O, on DyP activity
was observed at low concentrations when AQ-2" was used. DyP activity for AQ-2’
was measured at the optimal pH of 3.2. K,,(a0-») was obtained from the Line-
weaver-Burk plot (first plot) of AQ-2' concentration against enzyme activity.
Vinaw Kin1,0,) and K, (turnover rate) were determined from the double-
reciprocal plot (second plot) of V. app) against HO, concentration, as de-
scribed previously (17, 36). The average value of triplicate data was employed,
and the error was =10%.

RESULTS

Enzyme purification. The total enzyme activity of the intact
supernatant was 24 U, as shown in Table 1. The activity in-
creased to 4.2 X 10% U after ultrafiltration with a YM 10
membrane because inhibitory substances with molecular
masses of less than 10 kDa were removed (20). One peak that
eluted at 0.13 M on the Super Q 650M column NaCl gradient
possessed DyP activity. The elution pattern of the Butyl Toyo-
pearl column, in which fractions that corresponded to the main
peak exhibiting DyP activity were eluted at 0.57 M (NH,),SO,,
is shown in Fig. 1. Fractions 86 to 99, corresponding to the left
half of the main peak, were pooled and called purified DyP.
The other fractions (100 to 146), which also possessed enzyme
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FIG. 1. Butyl Toyopearl chromatography of a peroxidase produced by G.
candidum Dec 1. Symbols: @, peroxidase activity; O, absorbance at 280 nm.



VoL. 65, 1999

(a) ®d 3 2.
B 2D Pl
B — 3.0
¥ = # =3
1 234 5 N _
kDa [ 2 = 455
17—
- 520
4 = -
55.4mm “‘ -
= =58
36.5m= w
200 = = =655

FIG. 2. (a) SDS-polyacrylamide gel electrophoresis of DyP after each puri-
fication step. Lanes: 1, standard molecular mass markers; 2, sample after YM 10
ultrafiltration (amount of protein loaded, 10 pg); 3, sample after Super Q
chromatography (amount of protein loaded, 10 wg); 4, purified DyP after Butyl
Toyopearl chromatography (amount of protein loaded, 6 pg); 5, mixed DyPs
after Butyl Toyopearl chromatography. (b) Isoelectric focusing of purified DyP
and mixed DyPs obtained from Butyl Toyopearl chromatography. Lanes: 1,
mixed DyPs after Butyl Toyopearl chromatography (amount of protein loaded,
5 ng); 2, purified DyP after Butyl Toyopearl chromatography (amount of protein
loaded, 10 wg); 3, standard pI marker.

activity, were pooled and called mixed DyPs, because they are
presumed to be composed of several kinds of DyP isozymes.

Purified DyP has a specific activity of 57 U/mg of protein and
a recovery ratio of 20% (Table 1). The molecular mass of
purified DyP as estimated by SDS-polyacrylamide gel electro-
phoresis was 60 kDa (Fig. 2a), revealing DyP to be a monomer,
because the apparent molecular mass determined by gel filtra-
tion with Sephacryl S-200 was 55 kDa. The isoelectric point of
DyP was 3.8 (Fig. 2b).

The mixed-DyP fraction consisted of mixed proteins whose
molecular masses ranged from 55 to 60 kDa (Fig. 2a, lane 5)
with a pI of 3.8 (Fig. 2b), and it had a specific activity of 57
U/mg of protein, which was about half the total activity (110 U)
of DyP, corresponding to the main peak on Butyl Toyopearl
chromatography.

Spectral characteristics. The spectral characteristics of pu-
rified DyP are shown in Fig. 3. A large Soret band was ob-
served at 406 nm, together with two small peaks at 510 and 640
nm. The estimated molar extinction coefficient at 406 nm was
0.9 X 10° M~ ! ecm ™", similar to those of other peroxidases (25,
35, 40, 48). The A ,¢/A»50 (RZ) value, which reflects the purity
and spectral characteristics of DyP, was 1.6 in 25 mM citrate
buffer (pH 5). When H,O, was added to the purified DyP, the
peaks at 406 and 510 nm were shifted to the peak at 400 nm,
with a molar extinction coefficient of 4 X 10* M~ ! cm™!, and
the peak at 530 nm, with a coefficient of 6.7 X 10> M~ "' cm ™',
respectively. When DyP that was oxidized by H,O, was re-
duced by Na,S,0,, a peak at 556 nm, which corresponded to a
heme-pyridine complex, appeared. From these results we con-
cluded that DyP has a protoheme as its prosthetic group. The
heme content per mole of DyP was estimated as 0.6, indicating
that DyP retained a single heme.

Substrate specificity. Purified DyP was used to decolorize
the 21 dyes (Table 2) which were decolorized by Dec 1 (18).
DyP decolorized seven dyes containing azo and anthraquinone
groups and three model compounds of RBS. Higher decolo-
rizing activity was observed for anthraquinone dyes than for
azo dyes. Phenolic compounds 2,6-dimethoxyphenol and gua-
iacol, which are substrates of MnP, were degraded by DyP, but
veratryl alcohol, a well-known substrate of LiP, was not (data
not shown). The oxidation of 2,6-dimethoxyphenol and guaia-
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FIG. 3. Spectral characteristics of purified DyP, DyP oxidized by H,O,, and
DyP reduced by dithionite. The inset shows the peak at 556 nm indicative of
reduced DyP in the form of a heme-pyridine complex.

col occurred without the addition of Mn?" at optimal pH
values of 4.5 and 4.0, respectively, and no enhancement of the
DyP activity by the addition of Mn** was observed. These
results confirmed that DyP had a wide degradation spectrum
and that its substrate specificity differs from those of LiP and
MnP.

Sugar analysis. Fifty micrograms of DyP contained 8.7 pg of
sugar, which was composed of GlcNAc (38 mol per mol of
DyP) and Man (26 mol per mol of DyP). This result indicates
that DyP is a glycoprotein containing 17% (wt/wt) sugar.

Optimal temperature for and thermostability of DyP activ-
ity. The effect of temperature on DyP activity is shown in Fig.
4. DyP activity was optimal at 30°C, and relatively high activity
was maintained in the range of 15 to 35°C (Fig. 4a). The
thermostabilities of DyP and HRP activities were measured at
30°C after treatment at various temperatures (Fig. 4b). DyP
activity was restored at 30°C even after treatment at 40 and
50°C for 11 h. When DyP and HRP were heated at 60°C for
3 h, 35 and 90% of their initial activities respectively, were lost.
These results suggest that DyP is more thermostable than
HRP. Additionally, when DyP was incubated at 30 and 40°C
for 14 days, the inactivation rates were 37 and 59%, respec-
tively.

H, 0, inhibition of DyP activity. When RBS5 and AQ-2" were
used as substrates, the inhibitory effect of H,O, on DyP activity
was observed (Fig. 5). DyP activity for RBS was inhibited when
the H,O, concentration exceeded 0.2 mM at a fixed DyP con-
centration of 0.6 nM. At 2.8 nM of DyP, its activity for AQ-2’
decreased sharply when the H,O, concentration exceeded 0.1
mM, and it was lower than that for RB5. The degree of inhi-
bition by H,O, of DyP activity differed significantly depending
on the substrate used.

Comparison of decolorizing activities of DyP and HRP.
Pseudo-first-order kinetics was applied to compare the rates of
decolorization of RB5 by DyP and HRP (Table 3). DyP had
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TABLE 2. Enzymatic activity of purified DyP on various dyes

. € at Npa Optimal Initial concn Decolorizing rate

Color index of dyes Chromophore (liters, /mﬁ?cm) ppH (uM) (WM, /milgl)
RB5 AQ? 7.3 3.2 119 24
RB19 AQ 10 32 116 22
RB114 AQ 8.4 4.0 151 12
AQ-1 AQ 9.0 32 113 10
AQ-2 AQ 8.3 3.0 141 55
AQ-2'? AQ 7.3 32 148 20
Reactive Black 5 AZ¢ 37 32 33 1.1x 107!
Reactive Red 33 AZ 23 32 60 47 x 107!
Reactive Yellow 2 AZ 8.1 3.2 125 6.2x 107!
RB182 AZ 7.3 4.0 123 21

“ Molar extinction coefficient at maximum absorption wavelength (A,,,,) of each dye.

> AQ, anthraquinone.
¢ AZ, azo.

4 Decolorization test of AQ-2’ by Dec 1 was not conducted in the previous study (18).

slightly lower K,,, zpsy and K,,,11,0,, values than HRP, and the
K cai(obsy Of 260 s~ ! for DyP was 1.8 times higher than that for
HRP (140 s—'). When RBS5 solution was scanned after decol-
orization by both enzymes, the spectral patterns were consid-
erably different at wavelengths below 450 nm, reflecting the
difference in the by-products produced from RBS5 by the two
peroxidases.

Second-order kinetics of DyP activity. In the DyP turnover
involving the two substrates AQ-2' and H,O,, the apparent
K,,.(aq->/y Was initially obtained from the Lineweaver-Burk plot

of AQ-2' concentration and DyP activity. Then the V..,
K, 11,0, and apparent K, were determined from the recip-
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FIG. 4. (a) Optimal decolorization temperature of DyP. (b) Thermostability
of DyP and HRP; enzyme activity at 30°C after treatment with DyP at 40°C
(0—10), DyP at 50°C (@—@), DyP at 60°C (l——M), HRP at 40°C
(O0----0), and HRP at 60°C (H----H).

rocal plot of V', x(appy @a0d H,O, concentration. The estimated
apparent Kinetic constants are shown in Table 4. K, /K., a0-27
and K., /K, 11,0,) Which are physicochemical constants of the
substrates, were 3.2 X 10° and 7.6 X 10° M~ ' s~ ', respectively.
The apparent K, was similar to the K ,ons, When RBS was

used as the substrate, indicating a similar turnover rate of a
more simply structured substrate, AQ-2’, by DyP.

DISCUSSION

A peroxidase that transformed anilines was purified from
the culture broth of a strain of G. candidum (4). DyP was
produced under aerobic conditions as a secondary metabolite
in the stationary phase and reached its maximum level at day
6 (18). Since DyP activity is maintained as long as sugars exist
in basal III mineral medium (24), a medium frequently used in
LiP production, DyP of strain Dec 1 is considered to be a
constitutive enzyme. LiP of Phanerochaete chrysosporium was
produced under limited-nitrogen conditions (8, 9, 42). It re-
quired inducers, such as veratryl alcohol and veratryl acid, for
production, and oxygen-enriched aeration (9) and low shear
stress (21, 24) were essential to obtain higher activity. How-
ever, the production of peroxidase by Dec 1 is more efficient
and convenient than that by P. chrysosporium, because DyP is
constitutively produced during shaking cultivation (18) or in a
stirred tank reactor (19) without a marked decrease in activity.
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FIG. 5. H,O, inhibition of DyP activity when RB5 and its simplified model
compound, AQ-2', were used as substrates. Symbols: [J, degradation activity of
0.6 nM DyP for RBS; @, degradation activity of 2.8 nM DyP for AQ-2'.
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TABLE 3. Kinetic parameters for activities of DyP and HRP*

Value
Parameter Unit(s)
DyP HRP
K., (rBs) pM 54 58
K,.a1,0,) wM 26 36
cat(obs) S 260 140
Kot/ K n(rss) M 'sT! 4.8 X 10° 2.4 % 10°
Kcat/Km(HZOZ) M71 571 1.0 X 107 3.8 X ]06

“ RBS5 decolorization by DyP and HRP was determined by pseudo-first-order
kinetics.

Electrophoretic analysis of DyP gave a pI of 3.8. Although
molecular mass values obtained by SDS-polyacrylamide gel
electrophoresis and by gel filtration differed slightly, i.e., 60
and 55 kDa, respectively, DyP is considered to be a monomer.
The difference in molecular mass may be due to the gel filtra-
tion value being underestimated, presumably because DyP is
not spherical or the sugar portion of DyP is interacting with the
gel matrix. The mass of DyP was considerably larger than those
reported previously (10, 27, 45, 48, 51), which ranged from 40
to 44 kDa. Kang et al. (17) reported a 140-kDa peroxidase with
two subunits of 72 kDa. In addition to DyP, Dec 1 produced
mixed DyPs that were eluted by Butyl Toyopearl chromatog-
raphy and had the same pl as purified DyP. Since there are
small differences in molecular mass among them, mixed DyPs
are assumed to consist of proteins with amino acid sequences
identical to that of purified DyP but with different sugar con-
tents.

DyP degraded 7 of the 18 dyes that were decolorized by Dec
1, indicating that other enzymes contributed to the broad de-
colorizing spectrum of Dec 1. DyP showed a higher decoloriz-
ing rate for anthraquinone dyes than for azo dyes (Table 2).
However, high decolorizing activity was obtained for the azo
dye RB182. This is presumably because this dye contains Cu in
its structure. DyP degraded phenolic compounds, such as 2,6-
dimethoxyphenol and guaiacol, as well as a variety of dyes,
while it did not degrade nonphenolic veratryl alcohol. Consid-
ering its substrate specificity and molecular mass, purified DyP
is thought to be a novel decolorizing peroxidase, distinct from
LiP, MnP, HRP, and other peroxidases reported previously.
The enzymes that were involved in lignin degradation also
degraded various aromatic compounds, lignin model com-
pounds (33), and synthesized dyes (6-8, 11, 13, 22, 30, 43, 47).
The wide degradation spectra may depend on the involvement
of an active oxygen species and/or radicals (hydroxyl, etc.) in
the degradation (2, 33). The broad degradation spectrum of
DyP could also be due to the presence of an active oxygen
and/or radicals initially produced by DyP.

The spectral characteristics of DyP are similar to those of
typical peroxidases. The Soret band, which is the representa-
tive absorption peak of peroxidase (16, 34, 48), was observed at
406 nm for native DyP. When H,O, was added to native DyP,

TABLE 4. Second-order kinetic constants of DyP with H,O, and
AQ-2'" as substrates

Parameter Unit(s) Value
K,i(a0-21) wM 84
K, 11,0, M}\{I 36

cat N 270
KeatlKnan-2y M 't 3.2 X 10°
-1 -1 6
Kcat m(HyO7) M 7.6 X 10
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the Soret band shifted to 400 nm, presumably due to the
formation of compound I of DyP, which resembles LiP L3
from Phlebia radiata (25). Since the DyP reduced by dithionite
gave a new peak at 556 nm, assigned to a pyridine hemo-
chrome, we concluded that DyP had a protoheme as its pros-
thetic group, similar to HRP and LiP (40).

H,O, inhibition of DyP activity was observed (Fig. 5). The
inhibition of HRP or LiP activity by excess H,O, is well known
(26, 49). In the turnover cycles of these peroxidases, they are
first oxidized by two electrons from H,O, to compound I.
Then, one electron is removed by a substrate, changing com-
pound I to compound II. Compound II is further reduced to a
resting enzyme by another electron from a substrate. However,
in the presence of excess H,O,, compound II that cannot be
converted to a resting enzyme is changed to compound III, an
inactivated state, which decreases peroxidase activity (26, 46,
49). In the case of DyP, conversion to compound I (Fig. 3) was
suggested by shifts of the peak at 406 nm to 410 nm and of the
peak at 510 nm to 530 nm, which were similar to those in
previous reports (25, 37). Details of H,O, inhibition of DyP
activity were not elucidated, but a mechanism similar to that
described above may be involved. Furthermore, the extent of
inhibition is dependent on the substrate; the inhibition was
observed at a lower H,O, concentration for the simplified
substrate AQ-2' even if the DyP concentration was higher than
the RB5 concentration.

Sugar analysis revealed that DyP contained 17% (wt/wt)
sugar (GIcNAc and Man) in its structure. The GlcNAc and
Man contents per mole of DyP were 34 and 23 mol, respec-
tively. HRP is composed of 16 to 18% sugar, although the
sugar content differs depending on the isozyme (35, 40, 51).
The sugar content of LiP varied widely, from 17% at a pI of 3.8
to 39% at a pl of 4.2 (12). The nature of the sugar linkage in
DyP is not yet clear, but LiP retained both N-linked sugar
chains and O-linked monosaccharides (38), while HRP con-
taining 18% sugar had only asparagine N-linked types at eight
sites per mole (51). The N-terminal amino acid of DyP was not
detected by the Edman procedure, indicating that it may be
blocked by sugars (17, 41). Cloning of dyp is necessary to clarify
the structure of DyP.

DyP activity was maximal at 30°C, and it was maintained at
a high level at temperatures ranging from 20 to 35°C (Fig. 4a).
However, according to the present experimental procedure,
residual DyP activity was stable even after incubation at 50°C
for 11 h and DyP revealed higher thermostability than HRP, in
particular, at 60°C (Fig. 4b). This is presumably due to its
larger molecular mass with a sugar attached and its high ther-
mal reversibility, because a partial recovery or a reversible
thermal inactivation of HRP and peroxidase-M2 activities was
also observed (29, 34, 48).

The decolorizing activities of DyP and HRP for RB5 were
compared by analysis of pseudo-first-order kinetics (Table 3).
Although the K,, values for RB5 were almost the same for the
two peroxidases, the K,,, of DyP for H,O, was lower than that
of HRP, indicating a higher affinity of DyP to H,O,. K ,i(obs)s
which represents DyP activity, was 1.8 times that of HRP. High
decolorizing activity of DyP for a synthetic dye may have re-
sulted from its higher redox potential or its affinity for a sub-
strate. By second-order kinetic analysis of DyP activity with
AQ-2' and H,0,, the apparent kinetic parameters, K, aq-2'y,
K, 1,0, and K, were estimated (Table 4). Since the values
of K, of LiP for veratryl alcohol and of MnP for Mn(II) were
reported to range from 30 to 160 s~' (12, 27, 30), a higher
turnover rate of DyP on dyes is suggested by the results of this
experiment. The apparent K_,, of AQ-2’ was similar to that of
RBS. This suggests the usefulness of using AQ-2' to elucidate
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the mechanism of degradation of a dye by DyP and to compare
it with those of the other peroxidases (17, 23, 25, 50), because
AQ-2' is a simplified structure of RBS.

In our previous paper, we showed that G. candidum Dec 1
decolorized 18 kinds of dyes and three model compounds.
Purified DyP showed high activity for anthraquinone dyes and
decolorized seven dyes. Mixed DyPs containing several
isozymes decolorized 15 kinds of dyes (data not shown). How-
ever, purification of each isozyme is sometimes difficult due to
the structural similarities. Therefore, we plan to clone the DyP
gene (dyp) and use this DNA sequence to isolate genes which
encode isozymes. We expect these isozymes to be sufficient to
explain the broad decolorization spectrum of this strain.
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