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Triphenylmethane dye decoloration using hydrogen
peroxide-resistant manganese peroxidase

YANG Xiu-Qing’ LI Shu-Ren SHEN Chong WANG Jing-Ren

(Shanxi University, Institute of Biotechnology, Key Laboratory of Chemical Biology and Molecular
Engineering of Ministry of Education, Taiyuan, Shanxi 030006, China)

Abstract: [Objective] We produced a novel manganese-dependent peroxidase (MnP) by
Trametes sp. SQO1 and studied its resistance of MnP to hydrogen peroxide, substrate specific-
ity and ability of decolorizing triphenylmethane dyes. [Methods] MnP was purified through
acetone precipitation and DEAE-celluose 52 anion-exchange chromatography. The resistance
of MnP against H,O, and dye decolorization were measured with a UV-visible spectropho-
tometer. [Results] The homogenous MnP has been obtained through two-step purification. The
optimum pH and temperature for the purified MnP were 4.5 and 70 °C, respectively. The en-
zyme was highly stable in the pH range 3.0—8.0. The enzyme oxidizes various substrates in the
presence of manganese, such as 2,6-dimethoxyphenol, guaiacol, 2,2'-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and H,O,, simultaneously, the MnP also re-
gards Mn’" as its substrate. Among all the substrates tested, the optimum was H,0, (Kp,
3.7 ummol/L). Interestingly, the enzyme was resistant to H,O, bleaching. The enzyme retains
70% integrity of its heme after incubation with 2.5 mmol/L H,O, for 60 min. All of the tested
dyes could be discolored by MnP, among which Crystal violet was observed with the highest
decolorization rate at 65.8%. The effects of Mn”>" and H,O, on dye decolorization by MnP were
also studied, which revealed that both H,O, and Mn*" had less influence on the decolorization
of Remazol Brilliant Blue R (RBBR) than Malachite Green. [Conclusion] The resistance of
MnP to hydrogen peroxide and its ability of decolorizing triphenylmethane dyes demonstrated
its potential application on dye decolorization.
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Synthetic dyes are extensively used in textile
dyeing, paper, printing, color photography, phar-
maceutics, cosmetics, and other industries. The
versatile azo and triphenylmethane dyes account for
most of the textile dyestuffs produced, thereinto,
triphenylmethane dyes are known to be highly toxic
to mammalian cells, mutagenic and carcinogenic to
humans!’. Human contact with Malachite Green
causes skin irritation and eye injury"’. Crystal Vio-
let is toxic to mammalian cells and is also a
mutagen and mitotic poison!,

In recent years, increasing interest has arisen
regarding the ability of white rot fungi to produce

extracellular ligninolytic enzymes, such as MnP
from Phanerochaete sordida and white rot fungi
L-25" lignin peroxidase (LiP) and laccase, which
are responsible for the degradation of various xeno-
biotic compounds including dyes™. However, few
reports have focused on the decolorization of
triphenylmethane dyes by MnP.

MnP is considered as the key enzyme in the
degradation of lignin and aromatic xenobiotics.
MnP catalyzes the oxidation of Mn®>" into Mn®" by
utilizing H,O, and forms complexes with an organic
acid. The Mn®" chelate complex is a highly reactive
non-specific oxidant capable of oxidizing a variety
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of environmental pollutants'®. This powerful oxi-
dant has been proposed to be important for the deg-
radation of sterically bulky compounds that are un-
able to gain access to the active site of peroxidases.
This mediated system of degradation is potentially
valuable for applications, such as in the pulp and
paper industry and in the degradation of synthetic
polymers and environmental pollutants. However,
MnP is very sensitive to inactivation by H,0,. In
terms of industrial applications, the stability of MnP
in the presence of high H,O, concentrations is very
important. MnP requires H,O, for its activity, but,
H,0, also inactivates MnP quickly at high concen-
trations'”. The MnP from Lenzites betulinus report-
edly retains more than 60% of the initial activity
after 5 min of exposure to 10 mmol/L hydrogen
peroxide at 37 °C™. Some attempts to increase the
resistance of MnP to H,O, has also been reported,
such as the engineering of the H,0,-binding pocket
of a recombinant manganese peroxidase for H,O,
resistance'* and improvement of H,0, stability of
manganese peroxidase by combinatorial mutagene-
sis and high-throughput screening using in vitro
expression with protein disulfide isomerase!.

In a previous study, we reported the decolori-
zation of some dyes by a newly isolated Trametes
sp. SQO1 and its laccase!'”. In the present study, we
describe the purification and characterization of a
new MnP, which retains certain amount of activity
under high H,O, concentration for an hour. In addi-
tion, the role of MnP in the decolorization of five
triphenylmethane dyes was investigated in vitro in
enzymatic experiments.

1 Materials and methods

1.1 Chemicals

The 2,2'-azio-di-(3-ethylbenzthiazolie sulfonic
acid) (ABTS) was purchased from Sigma (St.
Louis, Missouri). Five triphenylmethane dyes
(Malachite Green, Crystal Violet, Cresol Red, Bro-
mophenol Blue and CBB G-250) and RBBR were
of analytical grade.
1.2 Culture medium

The Trametes sp. SQ01 was maintained on po-
tato dextrose agar (PDA)!'!. The growth medium
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for the production of MnP and the decolorization of
dyes was prepared with 10 g/L glucose as the car-
bon source. An inoculum of Trametes sp. SQO1 for
liquid culture was prepared as follows: five agar
plugs (5 mm in diameter) punched from the periph-
ery of a 7 days of agar plate were cultivated in a
250 mL flask containing 50 mL culture solution.
The flask was incubated for 7-8 days at 30 °C in a
shaking incubator (170 r/min).
1.3 Enzyme activity assay

MnP activity was determined through the for-
mation of  Mn* -tartrate complex [€238=
6 500 mol/(L-cm)]"*, during the oxidation of
0.1 mmol/L MnSO, in 20 mmol/L sodium tartrate
(pH 4.5), using 0.1 mmol/L H,O,. One unit of en-
zymatic activity was defined as the amount of en-
zyme that transforms 1 pmol/L of substrate per
minute.
1.4 Purification of MnP

For the preparation of extracellular MnP,
Trametes sp. SQO01 was cultivated as described
above. Unless otherwise stated, all procedures were
performed at 4 °C. The supernatant liquid was ob-
tained by centrifugation of the culture broth at
12 000xg for 20 min. Proteins were precipitated
with pre-chilled acetone (—20 °C) from 25% to 66%
saturation (V/V) and incubated at —20 °C for 6 h,
followed by centrifugation at 12 000xg for 30 min.
The proteins were dissolved in 20 mmol/L Tris-HC1
buffer (pH 7.0) and dialyzed against the same
buffer. After dialysis, the sample was centrifuged,
and the resulting supernatant liquid was loaded onto
a DEAE-cellulose 52 chromatography column
(26 mmx150 mm; Amersham) previously equili-
brated with 20 mmol/L. Tris-HCI buffer (pH 7.0).
The column was washed at a flow rate of 2 mL/min
with 200 mL buffer and eluted with a linear gradi-
ent of 0 to 0.6 mol NaCl in the same buffer. The
elution of absorbing material form the column was
simultaneously monitored at 280 nm and 406 nm to
detect total protein and heme, respectively. Frac-
tions containing MnP activity were pooled, de-
salted, and stored at 4 °C until further use.
1.5 Characterization of MnP

The molecular mass of the enzyme was deter-
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mined by sodium dodecyl sulfate polyacrylamide
gel electrophoresis. After electrophoresis, the gels
were stained and the protein bands were visualized
with Coomassie Brilliant Blue R-250. For the de-
termination of molecular weight, a low-molecular-
weight protein calibration kit was used. The enzyme
absorbance spectrum of MnP was determined by
scanning the absorbance of the enzyme at wave-
lengths ranging from 350 nm to 700 nm using a
UV-2010 spectrophotometer.
1.6 Effect of pH and temperature on the ac-
tivity and stability of MnP

To determine the optimum temperature and pH
of the purified MnP, enzyme activities of MnP were
assayed at different temperatures ranging from
25°C to 80 °C, and with different pH values
(pH 3.0—-8.0) under standard conditions, respec-
tively. Thermal stability was investigated by incu-
bating the enzyme at 20 °C, 30 °C, 40 °C, 50 °C,
60 °C, 70 °C and 80 °C for 30 min. Immediately
afterwards, the enzyme was immersed in an ice bath
and the residual activity was tested at room tem-
perature. The pH stability was assayed by incubat-
ing the enzyme at different pH (pH 3.0-8.0) for
12 h at room temperature. The remaining activities
were measured under standard conditions.
1.7 Effect of metal ions, surface active agent,
and inhibitor on the activity of MnP

To determine the effect of the metal ions (Cu®",
Zn**, Mn*", Mg*, Ca*", Co®"), surface active agent,
and inhibitor (SDS, Tween-80, EDTA, DTT), MnP
solutions were incubated in the presence of
1 mmol/L and 5 mmol/L chemicals for 30 min in
0.1 mol/L tartrate buffer (pH 4.5) at 25 °C. MnP
activity was measured as described above.
1.8 Resistance of MnP to H,O,

MnP (2 pumol/L) was incubated with
2.5 mmol/L H,0, in 20 mmol/L sodium tartrate
(pH 4.5) at room temperature for 1, 2, 4, 10, 20 and
60 min. The solution without H,O, was designated
as the control. The absorbance was recorded using a
UV-visible spectrophotometer from 380 nm to
440 nm.
1.9 Kinetic analysis

Steady-state kinetic constants were obtained by

measuring the initial rates of various substrates at
30 °C in 20 mmol/L sodium tartrate buffer, pH 4.5.
The kinetic constants of MnP activities for H,O,
and Mn(Il) were calculated through the formation
of Mn(IIl) malonate complex at 238 nm. The rates
of oxidation of phenolic [6-dimethoxyphenol
(DMP) and guaiacol] and non-phenolic (ABTS),
were measured at wavelengths of 469, 420 and
465 nm, respectively.
1.10 Treatment of dyes with Trametes sp.
SQ01 MnP

Stirred dye solutions (20 g/L) buffered with
0.1 mol/L sodium tartrate, pH 5.0, were incubated
with 20 pL of Trametes sp. SQO1 MnP (final con-
centration 0.5 U/mL) at room temperature. Dye de-
colorization was measured in a UV-visible spectro-
photometer at different times, and the percentage of
dye decolorization was calculated from these data.

The experiments were performed in triplicate
with one controls (without enzyme added). All data
represent the mean of three triplicate tubes, and er-
ror bars represent standard deviation.
1.11 Effect of the Mn** and H,O; on the de-
colorization

Decolorization of malachite green and RBBR
was performed by measuring Ag;s and Ases, respec-
tively. The mixtures contained sodium tartrate
buffer (pH 4.5, 100 mmol/L), MnSO,4 (1 mmol/L),
H,0, (0.1 mmol/L), Dye (100 mg/L RBBR,
20 mg/L malachite green ) and 0.5 U/mL MnP in a
total volume of 1 mL, or without MnSO, or H,0,.
The mixtures were complemented with the sodium
tartrate buffer when without the H,O, or MnSO,.
The reaction mixtures were incubated for 7 hours at
30 °C. Control samples, without H,O, and MnSQOy,
were done in parallel identical conditions.

2 Results and discussion

2.1 Purification of MnP

After acetone fractionation and DEAE-cellu-
lose 52 column chromatography, the enzyme was
purified homogeneously, which appeared as a single
protein band on the SDS-PAGE gel with a molecu-
lar weight of 44 kD (Fig. 1). This value falls within
the range of molecular weight values for the MnP
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family (38 kD to 50 kD)!"*). The molecular weight
of purified MnP is almost identical to those of
Nematoloma frowardii bl9 (44 kD) and Bjer-
kandera adusta (44 kD) MnP!*'?,
2.2 Characterization of MnP

The absorption spectrum of the purified protein
shows a maximum absorbance peak at 406 nm,
typical for hemoglobin (Fig. 2). The figure shows a
single, symmetrical peak at 406 nm similar to the
MnP from Schizophyllum sp. F17, which was also
detected by heme absorbance at 409 nm!'*. Its ab-
sorbance at 520 nm and 550 nm were also observed,
which are similar to the MnP-LiP hybrid isozyme
produced by Bjerkandera strain BOS55 oxidized by
hydrogen peroxide!'®. With Mn*" as a substrate, the
MnP activity is relatively stable at the 3.0-8.0 pH
range, which is a wide range for a MnP. The opti-
mum pH for the enzyme was 4.5. The optimum
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Fig. 1 SDS-PAGE analysis of MnP
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Note: 1: Protein marker; 2: Crude enzyme; 3: Acetone precipi-
tation; 4: Purified MnP.
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Fig. 2 The spectrum of purified MnP in the visible re-
gion
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temperature for substrate oxidation was 70 °C. The
purified enzyme was stable at temperatures ranging
from 25 °C to 50 °C for 30 min. At 4 °C, the en-
zyme was stable for at least 3 months. Compared
with that from Schizophyllum sp. F17"¥, the en-
zyme from Trametes sp. SQ01 showed greater sta-
bility at temperatures up to 60 °C.

Fakoussa and Hofrichter reported that the pH
range for MnP was between 2.0 and 6.0, with an
optimum range between 4.0 and 4.5"° but the Ir-
pex lacteus MnP was an exception, which has an
optimum pH of up to 5.5""". At pH ranging from 4.0
to 7.6, the relative activity of the /. lacteus MnP was
39%—59% of the maximum activity (maximum ac-
tivity=100%, pH=5.5), whereas at pH 3.0, it was
only 3%™. However, the MnP from Trametes sp.
SQO1 showed more than 50% activity in a wider
rage (pH 4.0—8.0), which is a desirable feature for
an enzyme for various industrial applications, espe-
cially under neutral pH.

2.3 Effect of metal ions, surface active agent
and inhibitor on the activity of MnP

The effects of several chemicals on MnP activ-
ity were determined (Table 1). MnP was completely
inhibited by EDTA, similarly, treatment of the en-
zyme with DTT also resulted in a complete loss of
enzyme activity, which is similar to findings for
Phanerochaete chrysosporium MnP". Zn** and
Mg®" did not alter MnP activity. No activity loss
was observed with MnP activity in the presence of
Ca*" and Co”" at low concentrations (1.0 mmol/L),
but was strongly inhibited at 5.0 mmol/L, with a
relative activity of less than 40%. As a componet of
MnP, Mn** did not affect MnP activity as well.
MnPs are generally abundant in wood and soils,
which are the natural habitats of white rot fungi.
The physiologic chelator of Mn®" in the fungal en-
vironment is thought to be oxalate, produced by the
fungus at millimolar concentrations!'”. The pro-
posed role of Mn*" chelators in the MnP mechanism
is the release Mn’* from the enzyme. Additionally,
chelators were suggested to stabilize the Mn®" in
solution. Partial inhibition was observed using
1 mmol/L SDS, in contrast, the enzyme activity was
substantially increased by Tween-80 at the same
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concentration, which was 2.5 times that of the con-
trol. However, when the concentration of both
compounds was increased to 5 mmol/L, the enzyme
activity was completely inhibitive. Urek also re-
ported that the highest MnP activity was obtained at
low concentrations>,
2.4 Substrate specificities of purified enzyme
MnP was able to oxidize different phenolic
(DMP and guaiacol) and non-phenolic (ABTS) sub-
strates in the presence of Mn”", and can also act on
Mn>" and H,0, as substrates. Table 2 shows the ki-
netic constants of the MnP-catalyzed oxidation of
the five substrates ABTS, 2,6-dimethoxyphenol,
guaiacol, Mn** and H,O0,. The MnP exhibited a
similar K, for both phenolic and non-phenolic sub-
strates, which were much higher than Mn*" and
H,0,. The lowest K, value (3.7 pmol/L) was attrib-
uted to H,O,. The highest K, value was obtained
with  ABTS (200 pmol/L) followed by
2,6-dimethoxyphenol (167 pmol/L). For Mn*", the

K., value obtained from the Trametes sp. SQ01 MnP
was at an intermediate level, higher than almost all
Bjerkandera MnPs, but lower than the Schizophyl-
lum sp. F17 MnP (Table 3). The K, value of the
MnP for H,O, was slightly higher than that of the
MnP from Bjerkandera sp. BOS1™?", and lower than
those of most Bjerkandera spicece and Schizophyl-
lum sp. F171"71%- 27531 (Taple 3).

2.5 Resistance of MnP to H,0,

The mixture of 2.5 mmol/L H,O, and MnP ex-
hibited maximum absorption at 406 nm, which was
the characteristic electronic absorption maxima for
the heme group of compound III in the MnP. The
absorption reduced greatly after the reaction for
1 min, and decreased from 0.37 to 0.29. After 2 min
to 60 min, the absorbance decreased slightly, and
achieved a value of 0.265 at final (Fig. 3). SQO1
MnP is thus demonstrated to be capable of enduring
a certain amount of H,O,, which is unique among
MnPs reported other species. The enzyme from

Table 1 Effects of some metal ions, surfactants, and inhibitors on the activity of MnP

R1 EEBETF.

) Relative activities
Metal ions

R E M FNHDHIFI XS MnP & 150

Surfactants/Inhibitors

Relative activities

SIRET R ——— HATHE
1 mmol/L 5 mmol/L 1 mmol/L 5 mmol/L
Control 100 100 SDS 82 2
Cu*' 42 23 Tween-80 248 0
Zn*t 100 100 EDTA 2 0
Mn*" 110 97 DTT 8 0
Mg* 94 97
Ca** 94 61
Co*" 97 32

Table 2 Kinetic parameters for MnP from 7rametes sp. SQ01

F 2 Trametes sp. SQ01 MnP BIFI hF S

Substrate Concentration Wave length K, Koo Koo/ Kin

it IR BE BORIEK K AL Atk LRV ES

) (mmol/L) (nm) (umol/L) s [L/(mol's)]
ABTS 0.5 420 200.0 12.00 6.00x10*
2,6-DMP 0.5 469 167.0 8.25 4.90x10*
Guaiacol 0.5 387 200.0 2.25 1.13x10*
Mn** 0.1 238 30.0 58.00 1.90x10°
H,0, 0.1 240 3.7 10.00 2.70x10°
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Table3 Comparison of K, (Mn“, H,0,) of MnP from different fungi

%3 AREEE MnP 8 K, Mn*, H,0,)89 tL 5

Enzyme

K, K,

* &ﬁﬁ(uﬁlom Mn*") ﬂéfﬁm‘ﬁz(u;olm H,0,)
Schizophyllum sp. F17 MnP 35.2 6.7
Bjerkandera sp. BOS55 MnP 51.0 31.0
Bjerkandera sp. BOS1 MnP 16.5 3.1
Bjerkandera sp. BOS2 MnP 25.4 4.7
Bjerkandera adusta DSM11310 MnP1 20.0 5.5
Bjerkandera adusta UAMH8258 MnP 17.0 4.5
Lentinula edodes was very stable in the presence of 2.6 Treatment of dyes with Trametes sp.

up to 0.25 mmol/L H,O,. However, at higher H,O,
concentrations, its MnP activity rapidly decreases!”’.
In contrast, the characteristic electronic absorption
maxima for the heme group of compound III in the
MnP from P. chrysosporium disappeared during
further incubation with H,O, for up to 60 min,
which indicates that the enzyme is irreversibly inac-
tivated**
MnP stability at high H,O, concentrations is a very
important property. Compared with MnPs from
other white rot fungi, the Trametes sp. SQO1 MnP
purified in this study appeared to be more resistant
to high H,O, concentrations.

. In terms of industrial applications, the

0.40
0.35
0.30
0.25
0.20
0.15

0.10 ' ' ! !
380 400 420 440 460

Absorption

Wavelength (nm)

Fig.3 Heme bleaching of MnP by excess H,0,

3 @2 H,0, % MnP T #5044 HR/YE

Note: Reaction mixtures contained 2 pmol/L MnP and
2.5 mmol/L H,0, in 20 mmol/L sodium tartrate buffer, pH 4.5.
The spectra were recorded after the addition of H,0, at 1, 2, 4,
10, 20 and 60 min in the sequence shown by the arrow.

20 mmol/L .pH 4.5 A A AR 4N 2% il &4 2 umol/L
MnP F 2.5 mmol/L H,0,. ffﬁﬂjﬁi% rREs H,0, JE MR A
M 1,2, 4, 10, 20 F1 60 min 5 MnP HI0Z Y,
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SQ01 MnP

Decolorization of various triphenylmethane
dyes was conducted using the Trametes sp. SQO1
MnP (Fig. 4). The Trametes sp. SQ01 MnP showed
the highest decolorization rate against Crystal Vio-
let at 71% (as compared with other triphenyl-
methane dyes: Cresol Red 57%, Malachite Green
43%, CBB G-250 32%, and Bromophenol Blue
31%). The five tested triphenylmethane dyes have
similar decolorization rates, which could be due to
their similar structure. Until now, most reports on
the biodegradation of triphenylmethane dyes are
about strain decolorization. For example, Aeromo-
nas hydrophila was used to decolorize Crystal Vio-
let and Malachite Green, achieving decolorization
efficiencies of more than 90% by cultivation for
80 r
70
60
50
40
30
20
10

Decolorzation (%)

0 4 8§ 12
¢ (h)
Fig. 4 Decolorization of dyes by MnP

16 20 24 28

4 MnP BB E
Note: ¢: Crystal Violet; A: CBB G250; e: Cresol Red; m:
Malachite Green.

e SRR A O G250; 0 HIHLT; m: FLALE.
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one day using an initial dye concentration of
50 mg/L**!. Liu et al. investigated the decoloration
of four triphenylmethane dyes by Fome lignosus,
after 10 days, the drcolorizaton percent achieved [2]
66%—-99%>°,

We studied the effect of Mn*" and H,0O, on
MnP during decolorization using one-factor-at-
a-time analysis in 7 hours (Fig. 5). Compared with
the control, the single addition of H,O, could not
increase rate of decolorization of RBBR, while in- [3]
cubated with Mn”*" and MnP, the rate of decoloriza-
tion of RBBR increased to 67%. When incubated
with Mn?", H,0, and MnP, the rate of decolorization
of RBBR was 66.67%. It was suggested that Mn*" [4]
had greater influence on the decolorization of RBBR
than that of H,O,. On the contrary, for Malachite
Green, the rate of decolorization was almost not
changed with the addition of H,O, or Mn** compared
to control. However, the rate of decolorization of 5]
Malachite Green in the presence of H,O, and Mn*
was markedly higher than that of individual H,O, or
Mn*’, in the case, the rate of decolorization increased
from 5.87% to 37.65%. These results suggested that

. [6]
Mn?>" and H,0, were an essential cofactors for de-
colorization of Malachite Green by MnP.
—~ 80 T
S e T
T 60 f N (71
.2
E 40
5
° 20
8
a 0 1 )
Remazol Brilliant Malachite Green
Blue R
[8]

Fig.5 One-factor-at-a-time analysis
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