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We investigated the transformation of six industrial azo and phthalocyanine dyes by ligninolytic peroxidases
from Bjerkandera adusta and other white rot fungi. The dyes were not oxidized or were oxidized very little by
Phanerochaete chrysosporium manganese peroxidase (MnP) or by a chemically generated Mn>*-lactate com-
plex. Lignin peroxidase (LiP) from B. adusta also showed low activity with most of the dyes, but the specific
activities increased 8- to 100-fold when veratryl alcohol was included in the reaction mixture, reaching levels
of 3.9 to 9.6 U/mg. The B. adusta and Pleurotus eryngii MnP isoenzymes are unusual because of their ability to
oxidize aromatic compounds like 2,6-dimethoxyphenol and veratryl alcohol in the absence of Mn>*. These MnP
isoenzymes also decolorized the azo dyes and the phthalocyanine complexes in an Mn>*-independent manner.
The reactions with the dyes were characterized by apparent K,, values ranging from 4 to 16 pM and specific
activities ranging from 3.2 to 10.9 U/mg. Dye oxidation by these peroxidases was not increased by adding
veratryl alcohol as it was in LiP reactions. Moreover, the reaction was inhibited by the presence of Mn>*, which
in the case of Reactive Black 5, an azo dye which is not oxidized by the Mn>*-lactate complex, was found to act

as a noncompetitive inhibitor of dye oxidation by B. adusta MnP1.

A great variety of synthetic dyes are used for textile dyeing
and other industrial applications. The structural diversity of
dyes derives from the use of different chromophoric groups
(e.g., azo, anthraquinone, triarylmethane, and phthalocyanine
groups) and different application technologies (e.g., reactive,
direct, disperse, and vat dyeing) (37). Azo dyes constitute the
largest class of dyes used commercially. Phthalocyanines are
used for the production of green and blue dyes. The total world
colorant production is estimated to be on the order of 800,000
tons/year (37). Most of these compounds are highly resistant to
microbial attack, and therefore they are hardly removed from
effluents by conventional biological wastewater treatment, such
as activated sludge treatment (20, 28). A number of laborato-
ries are investigating the ability of the white rot fungus Phan-
erochaete chrysosporium to degrade xenobiotic compounds (re-
viewed in references 13 and 26). Decolorization of azo,
anthraquinone, heterocyclic, triphenylmethane, and polymeric
dyes (3, 19) and partial mineralization of azo dyes (25, 31) with
this fungus have been reported.

White rot fungi produce various isoforms of extracellular
oxidases and peroxidases, which are involved in the degrada-
tion of lignin in their natural lignocellulosic substrates (4, 10,
14). The first ligninolytic peroxidases were isolated from P.
chrysosporium and called lignin peroxidase (LiP) (7, 33) and
manganese peroxidase (MnP) (15). The catalytic cycles of LiP
and MnP are similar to that of other peroxidases. Oxidation of
the native enzyme by H,O, yields an oxidized state (compound
I), which is reduced in two steps to form a second oxidized
state (compound II) and then the native enzyme. LiP catalyzes
the oxidation of nonphenolic aromatic compounds like veratryl
alcohol. MnP preferentially oxidizes Mn?* to Mn®*, and the
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Mn>* is responsible for the oxidation of many phenolic com-
pounds (5). Although a variety of phenols are capable of di-
rectly reducing compound I of P. chrysosporium MnP, only
Mn?>* efficiently reduces compound II to the native enzyme.
Therefore, Mn** is necessary for completion of the catalytic
cycle of P. chrysosporium MnP (35). The MnP isoenzymes from
Pleurotus species and Bjerkandera adusta differ from the isoen-
zymes isolated from P. chrysosporium because they are able to
oxidize 2,6-dimethoxyphenol (DMP) and veratryl alcohol in an
Mn?*-independent reaction (1, 12, 16, 17, 27).

Several reports have shown that LiP or MnP from P. chryso-
sporium is directly involved in the degradation of various xe-
nobiotic compounds and dyes. The decolorization of two azo
dyes by LiP was strongly stimulated by the presence of veratryl
alcohol in the reaction mixture (23). In the absence of veratryl
alcohol compound II accumulated, indicating that these two
azo dyes can only reduce compound I of LiP. In other studies
preferential degradation of different sulfonated azo dyes either
by MnP and Mn*" or by LiP was demonstrated (22, 24). Fur-
thermore, metabolic pathways for azo dye degradation by fun-
gal peroxidases have been postulated (9, 32). Recently, we
have demonstrated the excellent dye-degrading abilities of the
white rot fungus B. adusta (11). The aim of the present study
was to compare the ligninolytic peroxidases isolated from this
fungus with similar enzymes from other fungal species with
respect to their abilities to transform azo dyes and phthalocya-
nines of commercial interest.

MATERIALS AND METHODS

Chemicals. Reactive Blue 38 (RB38) (Fig. 1A), Reactive Violet 5 (RV5) (Fig.
1B), Reactive Black 5 (RB5) (Fig. 1C), Reactive Orange 96 (RO96) (Fig. 1D),
and Reactive Red 198 (RR198) (Fig. 1E) were obtained from DyStar (Frankfurt,
Germany). Reactive Blue 15 (RB15) (Fig. 1A), veratryl alcohol (3,4-dimethoxy-
benzyl alcohol), and DMP were purchased from Aldrich. The qualities of the
dyes used were the same as the qualities of the dyes used in the textile industry.

Culture methods and enzyme preparation. B. adusta B (= DSM 11310) was
grown on glucose-ammonia medium as described previously (11). MnP and LiP
were purified as described by Heinfling et al. (12). The culture supernatant was
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FIG. 1. Chemical structures of the phthalocyanine dye (A) and azo dyes (B
through E) used. (A) RB38 (Me = Ni, R = —=SO;H or —NH-D, D = phenylene
unit with reactive group) and RB15 (Me = Cu, R = —SO3;Na or —SO,-NH-
CsH3SO;Na-NH-C;N;CINH,). (B) RVS5. (C) RB5 (D) RO96 (E) RR198.
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separated from the mycelium by filtration through a 1.2-wm-pore-size filter.
Extracellular proteins were adsorbed to Q Sepharose (Pharmacia) at pH 6,
eluted with 0.5 M NaCl, and dialyzed against 20 mM histidine (pH 6). The
proteins were fractionated on a Mono-Q column (type HR5/5; Pharmacia) with
a linear 0 to 300 mM NaCl gradient for 180 min (20 mM histidine buffer [pH 6];
flow rate, 1 ml/min), and LiP- and MnP-containing fractions were pooled sepa-
rately. LiP isoenzymes were purified by Mono-Q chromatography at pH 4.6 in 20
mM histidine buffer (0 to 0.2 M NaCl gradient in 80 ml; flow rate, 1 ml/min).
MnP isoenzymes were purified by Mono-Q chromatography in 10 mM tartrate at
pH 4.6 (0 to 0.05 mM NaCl gradient in 28 ml; flow rate, 0.8 ml/min).

MnPL1 and MnPL2 of Pleurotus eryngii ATCC 90787 (= IJFM A169) grown
on glucose-peptone medium were isolated by Q-cartridge chromatography (pH
4.5), Sephacryl S-200 chromatography, and Mono-Q chromatography (pH 5) as
described by Martinez et al. (17). MnP1 of P. chrysosporium ATCC 24725 (=
BKM-F-1767) was isolated from shaken cultures in N-limited B-III medium
(containing 0.36 mM veratryl alcohol, 235 mM Mn?*, 0.5% Tween 80, and 20
mM sodium acetate; pH 4.5) (21) by consecutive Mono-Q chromatography in 10
mM tartrate (pH 5.7) and Superdex-75 chromatography in the same buffer
supplemented with 150 mM NaCl. Isoenzyme identities were confirmed by N-
terminal sequencing by using automated Edman degradation.

Enzyme and protein assays. Manganese-independent peroxidase (MIP) activ-
ity was estimated by monitoring the oxidation of 1 mM DMP in 100 mM sodium
tartrate (pH 3.25), using 0.1 mM H,O,. The reaction mixtures used to determine
MnP activity contained 1 mM DMP, 0.1 mM H,0,, 1 mM MnSO,, and 100 mM

TRANSFORMATION OF INDUSTRIAL DYES BY PEROXIDASES 2789

sodium tartrate at pH 4.5. MnP activity was corrected for MIP activity by
subtracting the activity obtained at pH 4.5 in the absence of MnSO,. Oxidation
of DMP was measured by using an €, of 27,500 M~! cm™' for DMP as
described by Martinez et al. (17). The reaction mixtures used to determine LiP
activity contained 2 mM veratryl alcohol, 10 mM sodium tartrate (pH 3), and 0.1
mM H,0,. The formation of veratraldehyde was measured by using an €5, of
9,300 M~ ! cm™!. All enzyme reactions were started by adding enzyme, and the
activities were calculated from the linear phases of the reactions. One unit of
enzyme activity was defined as the amount of enzyme that transformed 1 pmol
of substrate per min.

Protein concentrations were determined by using Bradford reagent (Bio-Rad)
and bovine serum albumin as the standard.

Enzyme assays with dyes. Unless stated otherwise, the reaction mixtures used
to estimate dye-decolorizing activities contained dye, 0.1 mM H,0,, and 100 mM
tartrate. Where indicated below, Mn?>* was added as MnSO,,. For LiP reactions
veratryl alcohol or tryptophan was used in the reaction mixtures at the concen-
trations given below. The reactions were monitored at the absorbance maximum
of each dye. The molar extinction coefficients were estimated from a calibration
curve by using the molecular weight of each specific dye and the dye content of
each preparation and were as follows: €555 = 30,000 M~ ! cm ™! for RVS, £595 =
50,000 M~! em™! for RB5, €40 = 25,000 M~! cm ™" for ROY6, €55, = 35,000
M~ ! em™! for RR198, €g75 = 70,000 M~! cm ™! for RB15, and €,y = 75,000
M~! ecm™! for RB38. Experiments were carried out at dye concentrations at
which the relationship between dye concentration and absorption was linear in
the calibration curve.

Mn?*-lactate reactions. A stock solution of Mn®*-acetate (5 mM) in 0.2 M
lactate (pH 4.5) was prepared. Solutions were stored at 4°C and used within 1 h
after preparation. Mn>"-lactate was added in aliquots over a period of 1 h to a
reaction mixture containing dye (50 wM azo dye or 25 uM phthalocyanine dye)
and 0.1 mM tartrate at pH 4.5. Dye decolorization was measured at the wave-
length corresponding to the absorbance maximum of each dye.

RESULTS

Dye-decolorizing proteins secreted by B. adusta. The mixture
of B. adusta extracellular proteins obtained after an adsorption
step (Q Sepharose, pH 6) was fractionated by anion-exchange
chromatography on a Mono-Q column, and the fractions were
tested for LiP activity, MnP activity, and MIP activity (Fig. 2A).
Dye-decolorizing peroxidase activity was determined with RV5
and RB38 as substrates (Fig. 2B). Generally, the activity pro-
files for decolorization of the azo dye RV5 and the phthalocy-
anine dye RB38 were similar. The main peak of dye-decolo-
rizing activity coincided with the main MnP peak around 118
ml. There was also dye-decolorizing activity between 50 and 75
ml, in fractions which did not contain LiP or MnP activity but
contained MIP-like activity with DMP. The fractions corre-
sponding to the major LiP peak exhibited little activity with the
dyes in the absence of veratryl alcohol. The reaction rates with
the dyes could not be increased by adding 1 mM Mn?* to the
reaction mixtures, indicating that the dyes are not degraded in
an Mn?*-dependent reaction by MnP. This was tested for
every individual fraction.

Mn?**-lactate reaction with commercial dyes. The six com-
mercial reactive dyes shown in Fig. 1 were tested for oxidation
by Mn?", which is the diffusible oxidizing agent produced by
fungal MnP, in the form of the Mn>*-lactate complex. The azo
dye RVS5 was decolorized to some extent during incubation
with Mn®>* (40% decolorization was observed after addition of
1 pwmol of Mn*" to 50 nmol of dye in a reaction volume of 1
ml). The three other azo dyes did not react with Mn®*-lactate.
The nickel-phthalocyanine complexes RB38 and RB15 were
decolorized to low extents (3 to 4% decolorization occurred
after addition of 1 pwmol of Mn®*" to 25 nmol of dye in a
reaction volume of 1 ml).

Dye oxidation by MnP from B. adusta and P. eryngii. Purified
MnP1 and MnP2 from B. adusta decolorized azo and phtha-
locyanine dyes in Mn**-independent reactions. This activity
was also exhibited by MnPL1 and MnPL2 from P. eryngii,
which are similar to the B. adusta MnP isoenzymes with respect
to Mn**-independent oxidation of DMP and veratryl alcohol.
The pH optima for oxidation of the different dyes by MnP1
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FIG. 2. Activity profile of B. adusta extracellular proteins. Proteins were
fractionated by anion-exchange chromatography on a Mono-Q HRS5/5 column
(20 mM histidine buffer, pH 6; flow rate, 1 ml/min). (A) Absorbance at 405 nm
(—) and NaCl gradient (- - ). (B) Profiles corresponding to RV5-decolorizing
activity (@) and RB38-decolorizing activity (A). The reaction mixtures contained
30 uM RVS5 or 20 uM RB38, 0.1 mM H,0,, and 0.1 M tartrate at pH 3.5.

were pH 3.5 (RV5 and RBS) and pH 3.75 (RB38). In contrast
to the LiP reactions with these dyes, the MnP reactions were
not stimulated by adding veratryl alcohol. Mn>* in the reaction
mixture inhibited the oxidation of the tested azo and phthalo-
cyanine dyes by B. adusta MnP. Typical progress curves for the
reactions of MnP1 with the dyes RB5, RVS5, and RB38 in the
presence of different concentrations of Mn?* are shown in Fig.
3. In the case of RB5 (an azo dye which is not oxidized by
Mn>"), addition of increasing amounts of Mn>* had increasing
inhibitory effects on the reaction rate (Fig. 3A). The influence
of Mn?" on the K, and V,_,, values for the oxidation of RB5
by MnP1 was investigated by using several concentrations of
Mn?* and dye. Mn*" affected the V,,,, but did not affect the
K,,, of the reaction, leading to parallel lines in the graph shown
in Fig. 4. This result indicates that Mn** does not affect bind-
ing of RB5 to MnP but gives rise to a noncompetitive type of
inhibition.

The case of RVS is more complicated (Fig. 3B). Whereas in
the absence of Mn*" decolorization started after a lag phase,
addition of 3 mM Mn?" resulted in acceleration of the initial
reaction rate. However, the maximum reaction rate achieved
was lower (leading to 42% decolorization after 20 min with
3 mM Mn?") than the maximum reaction rate observed in the
absence of Mn** (87% decolorization). Moreover, addition of
a lower amount of Mn*"* (0.3 mM) resulted in a very slow
reaction rate (21% decolorization). These results suggest that
RVS can be oxidized either directly by MnP1 (in experiments
without Mn?*) or via Mn®* produced by oxidation of Mn** (in
experiments with high levels of Mn?"). The low reaction rate
in the presence of low amounts of Mn?* may be explained by
Mn?" inhibition of dye oxidation by the first mechanism to-
gether with low efficiency of the second mechanism because of
mediator concentrations that are too low. Finally, addition
of increasing amounts of Mn*" to the RB38-decolorizing
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reaction resulted in an earlier termination of the reaction
(Fig. 30).

Kinetic constants of MnP isoenzymes with dye substrates.
To calculate the kinetic constants for the different dyes, the
reciprocals of reaction rates with B. adusta MnP1 were plotted
against the reciprocals of dye concentrations (Lineweaver-
Burk plots are shown in Fig. 5). With RV5 the reaction rates
during the linear phase (after the initial lag) were used to do
this and to calculate K,,, values. The K, values obtained for the
reactions of B. adusta and P. eryngii MnP isoenzymes with RBS5,
RVS5, and RB38 are shown in Table 1. All of the K, values
were in the range from 4 to 16 wM, and there were only minor
differences among the three enzymes.

Dye oxidation by LiP from B. adusta. RV5, RB5, and RB38
were decolorized efficiently by LiP1 and LiP2 from B. adusta in
the presence of veratryl alcohol. The pH optima for the reac-
tions of LiP2 with the dyes in the presence of veratryl alcohol
were pH 3.25 (RVS), pH 3.5 (RBS5), and pH 3.75 (RB38).
Saturation of the reaction mixture with veratryl alcohol was
achieved at concentrations of approximately 1 mM (Fig. 6).
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FIG. 3. Time courses of RB5 (A), RV5 (B), and RB38 (C) decolorization by
B. adusta MnP1 in the presence of the following concentrations of Mn>*: zero
(—), 0.03 mM (— —), 0.1 mM (---), 0.3 mM (----), 1 (+-*), and 3 mM
(= +-). The reaction mixtures contained dye, 0.1 mM H,0,, and 0.1 M tartrate
at pH 3.5 (RV5 and RBS5) or pH 3.75 (RB38).
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FIG. 4. Mn" is a noncompetitive inhibitor for the oxidation of RB5 cata-
lyzed by B. adusta MnP1. The reaction rate with RB5 (V) was plotted against the
reaction rate with RBS divided by the RB5 concentration (S). The Mn?* con-
centrations used were zero (O), 0.3 mM (0), and 1 mM (A). The reaction
mixtures contained RB5, 0.1 mM H,0,, and 0.1 M tartrate at pH 4.

Tryptophan also enhanced the LiP reactions with RV5 and
RBS, but veratryl alcohol more efficiently promoted dye oxi-
dation by LiP. As shown in Fig. 7, oxidation of dyes by B. adus-
ta LiP isoenzymes in the presence of 2 mM veratryl alcohol was
inhibited by concentrations of RV5 and RB5 of more than
5 wM and by concentrations of RB38 of more than 10 pM.
Comparison of dye-decolorizing activities of different ligni-
nolytic peroxidases. The specific activities of LiP from B. adus-
ta and MnP from B. adusta, P. eryngii, and P. chrysosporium
with the different dyes are compared in Table 2. P. eryngii and
B. adusta MnP isoenzymes oxidized the dyes with specific ac-
tivities of 3.2 to 10.9 U/mg. Only minor differences were de-
tected between the MnP isoenzymes from these two fungi, but
some dye-specific differences were observed (including lower
biodegradability of RR198). LiP decolorized the dyes in the
presence of veratryl alcohol with similar specific activities (3.9
to 9.6 U/mg), but in this case RR198 was the best substrate. In
the absence of veratryl alcohol the LiP specific activities with
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FIG. 5. Lineweaver-Burk plots for B. adusta MnP1 oxidation of RB5 (O),
RV5 (O), and RB38 (A). The reciprocals of reaction rates (V) were plotted
against the reciprocals of dye concentrations (S). The reaction mixtures con-
tained dye, 0.1 mM H,O,, and 0.1 M tartrate at pH 3.5 (RV5 and RBS5) or pH
3.75 (RB38).
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TABLE 1. Apparent K, values for oxidation of the azo dyes RV5
and RB5 and the phthalocyanine complex RB38 by MnP
isoenzymes from B. adusta and P. eryngii®

K., (WM)
Isoenzyme
RV5 RB5 RB38
B. adusta MnP1 11 6 6
P. eryngii MnPL1 16 4 8
P. eryngii MnPL2 12 4 7

“ The reaction mixtures contained dye, 0.1 mM H,0,, and 0.1 M tartrate at pH
3.5 (RV5 and RBS5) or pH 3.75 (RB38).

dyes were between 1 and 12% the specific activities observed in
the presence of veratryl alcohol. Finally, it is interesting that
P. chrysosporium MnP oxidized RV5, RB38, and RB15 with
initial specific activities that were 30- to 90-fold lower than the
specific activities observed with MnP from B. adusta and P. ery-
ngii, but with the phthalocyanine dyes the reaction rates of P.
chrysosporium MnP were reduced by 50% after 60 s. The spe-
cific activity of P. chrysosporium MnP with RVS5 can be in-
creased by a factor of 5 by adding Mn** to the reaction mix-
ture, but it still is much lower than the specific activities
observed with B. adusta and P. eryngii MnP. RB5, RO96, and
RR198 were not oxidized by P. chrysosporium MnP in the
presence or in the absence of Mn?*. Moreover, we found that
the reaction rates with MnP and Mn*" were not increased by
increasing the pH of the reaction mixture to 4.5 (a pH value
that increases Mn?" oxidation by MnP).

DISCUSSION

In this work dye oxidation by peroxidases from B. adusta, a
white rot fungus which recently was found to be an excellent
degrader of synthetic dyes (11), was investigated and compared
with transformation of dyes by MnP isoenzymes from P. eryngii
and P. chrysosporium. Using a crude extract from P. chrysospo-
rium cultures, Paszczynski et al. described dye degradation
under MnP- or LiP-specific reaction conditions (24). These
authors found that some differently substituted sulfonated azo
dyes were better oxidized in the presence of Mn®* at pH 5
(MnP conditions), whereas others were better oxidized in the
absence of Mn*" at pH 3 (LiP conditions). On the other hand,
Ollikka et al. (19) reported that LiP isoenzymes from P. chryso-
sporium have different specificities for dyes belonging to dif-
ferent structural classes. An isoenzyme with a pI of 3.85 (which
could correspond to isoenzyme H6) had greater veratryl alco-
hol-independent activity with the dyes methylene blue, methyl
orange, and toluidine blue than the other LiP isoenzymes
tested (19).
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FIG. 6. Influence of veratryl alcohol (A) and tryptophan concentration (B)
on oxidation of three dyes by B. adusta LiP2. The reaction mixtures contained 10
wM dye, 0.1 mM H,O,, 0.1 M tartrate at pH 3.5 (RV5 and RBS5) or pH 3.75
(RB38), and veratryl alcohol or tryptophan at different concentrations.
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FIG. 7. Influence of substrate concentration on oxidation of RB5 (O), RV5
(0), and RB38 (A) by B. adusta LiP2. The reaction mixtures contained dye, 0.1
mM H,0,, 2 mM veratryl alcohol, and 0.1 M tartrate at pH 3.5 (RV5 and RB5)
or pH 3.75 (RB38).

The reactivities of P. chrysosporium MnP (with or without
Mn?>*) or Mn>*-lactate with the dyes used in the present work
were low. These results, together with those reported by Young
and Yu (36), suggest that many commercial reactive dyes can-
notzbe efficiently decolorized by P. chrysosporium MnP and
Mn”™".

The MnP from B. adusta oxidizes dyes in an Mn**-indepen-
dent manner, and, judging from activity estimates obtained
with anion-exchange chromatography fractions, this is the most
important dye-decolorizing extracellular activity produced by
the fungus. B. adusta MnP also exhibits Mn?*-independent
activity with other aromatic substrates, like DMP and veratryl
alcohol (12), as first described for MnP isoenzymes from Pleu-
rotus species (1, 16, 17, 27). Mn*"-independent oxidation of
DMP or veratryl alcohol has not been described for the well-
known MnP from P. chrysosporium, but some Mn*"-indepen-
dent activity against pinacyanol has been reported (5, 6).
Moreover, paper pulp bleaching by Bjerkandera sp. has been
described, suggesting that there is an Mn-independent activity
(18). In the present study, dye decolorization in the absence of
Mn?* was also obtained with P. eryngii MnP isoenzymes but
not with P. chrysosporium MnP1, suggesting that the Pleurotus
and B. adusta enzymes may form a subclass of MnP isoenzymes
that oxidize both Mn?" and a variety of aromatic compounds.
The fact that Mn** acted as a noncompetitive inhibitor for
oxidation of the azo dye RBS5 by B. adusta MnP suggests that
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the peroxidases mentioned above may have at least two sub-
strate binding sites.

Dye oxidation by B. adusta and P. eryngii MnP is character-
ized by low K,, values (in the micromolar range) and specific
activities between 3.2 and 10.9 U/mg for the dyes investigated
in this study. The K,,, values reported here for the dyes are low
compared with those reported for peroxidase reactions with
different aromatic substrates. For example, a K,,, of 200 puM
was obtained for P. eryngii MnP1 with DMP in the absence of
Mn?*; the K,,, for the same enzyme with veratryl alcohol was
3.5 mM (17), the K,,, values for P. chrysosporium LiP isoen-
zymes with veratryl alcohol were 83 to 200 wM (8), and the K,
for horseradish peroxidase with ABTS [2,2'-azino-bis(3-ethyl-
benzthiazoline-6-sulfonic acid)] was 270 uM (30). A dye-de-
colorizing peroxidase recently found in Pleurotus ostreatus (29)
also has high affinity for some dyes (e.g., the K, values for
crystal violet and Remazol brilliant blue R are 6 and 11 pM,
respectively), but it does not oxidize veratryl alcohol and no
information about eventual oxidation of Mn*" is available.
The Mn-independent oxidation of o-dianisidine and p-anisi-
dine by MnP isoenzymes from Poria subvermispora (synonym,
Ceriporiopsis subvermispora) was characterized by high K,,, val-
ues (0.5 to 1 and 4.5 to 42 mM, respectively) (34).

As described for oxidation of different synthetic dyes by LiP
from P. chrysosporium, the B. adusta LiP2 efficiently decolo-
rized azo and phthalocyanine dyes only when veratryl alcohol
was present in the reaction mixture (specific activities, 3.9 to
9.6 U/mg). Stabilization of LiP by tryptophan, as suggested by
Collins et al. (2), was less efficient than veratryl alcohol stabi-
lization when B. adusta LiP and the dyes used in this work were
examined. Moreover, this peroxidase was inhibited by rela-
tively low substrate concentrations of the azo dyes RV5 or
RBS, as also shown for P. chrysosporium LiP and RBS5 (36). In
contrast, B. adusta MnP was less sensitive to high dye concen-
trations than LiP.

The enlarged substrate spectrum of the MnP produced by
B. adusta and Pleurotus species may open new possibilities for
biotechnological applications of ligninolytic peroxidases. The
new MnP isoenzymes directly catalyzed decolorization of the
reactive dyes studied in this work more efficiently than the
MnP-Mn?" or LiP-veratryl alcohol enzyme mediator system,
and the use of a mediator is not necessary. On the other hand,
any MnP can catalyze various reactions of biotechnological
interest via diffusible Mn*" chelates, which can penetrate sub-
strates that are not accessible to enzymes due to steric hin-

TABLE 2. Specific activities of B. adusta, P. eryngii, and P. chrysosporium peroxidases with selected azo and phthalocyanine dyes®

Sp act (U/mg) with:

Prepn Azo dyes Phthalocyanine dyes
RV5 RB5 ROY6 RR198 RB38 RBI15
B. adusta MnP1 6.6 5.8 32 7.2 9.7
P. eryngii MnPL1 8.2 6.8 3.7 9.3 10.8
P. eryngii MnPL2 8.1 8.1 32 10.0 10.9
P. chrysosporium MnP1 0.09 N N 0.22 0.12
P. chrysosporium MnP1 + 0.3 mM MnSO, 0.46 N N N N
B. adusta LiP2 0.2 0.13 0.09 0.67 1.1
B. adusta LiP2 + 2 mM veratryl alcohol 5.6 39 9.6 53 9.5

“ The reaction mixtures contained 0.1 mM H,O, and 0.1 M tartrate at pH 3.5 (azo dyes) or pH 3.75 (phthalocyanines). For the MnP reactions dye concentrations
of 30 uM (azo dyes) and 20 pM (phthalocyanines) were used. In the case of LiP reactions a lower dye concentration (10 M) was used to avoid inhibition by high

substrate concentrations.
N, negligible (<1073 U/mg).
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drance. With the MnP described here, the two reaction strat-
egies (i.e., direct oxidation and Mn**-mediated oxidation) can
be applied alternatively or sequentially with the same enzyme
preparation.
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