JOURNAL OF PURE AND APPLIED MICROBIOLOGY, FEBRUARY 2014.

Non-Mediated Oxidation of Non-Phenol Dye Methyl Red with

Purified Laccase from Trametes hirsuta 1g-9

Haibo Zhang?, Youshuang Zhu? Yinglong Zhang* and Feng Huang'*

State Key Laboratory of Microbial Technology, Shandong University, Jinan 250100, China.

2Department of Biological Science, Jining Medical University, Jining 272067, China.

3CAS Key Laboratory of Biobased Materials, Qingdao Institute of Bioenergy and Bioprocess

Technology, Chinese Academy of Sciences, Qingdao 266071, China.
*Biotechnology Department, Shandong Institute of Commerce and Technology,
Jinan 250103, China.

(Received: 28 July 2013; accepted: 16 September 2013)

A strain that was capable of producing an atypical laccase had been isolated
and identified as Trametes hirsuta 1g-9. Non-phenolic azo dye methyl red was oxidized
by the atypical laccase. UV-Vis spectrophotometry was used for process monitoring of the
oxidation products of methyl red. High performance liquid chromatography (HPLC) was
used for detecting the products. Additionally, the structures of products were elucidated
with electrospray injection mass spectroscopy. The products indicated the atypical laccase
could directly attack non-phenolic azo dye methyl red. Probably degradation mechanism
of the azo dye methyl red oxidized by the atypical laccase directly had been proposed.
Factorial design, steepest ascent design and central composite design were successfully
applied to optimize the decolorization conditions of methyl red. The optimum
decolorization of methyl red was approximately 80% at enzyme concentration of
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1.8 U 1", pH 4.93, time 130.23 min.
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Laccases [benzenediol: oxygen
oxidoreductases (EC1.10.3.2)] play an important
part in fungal ligninolytic systems, and they are a
class of proteins that belongs to the multicopper
oxidase family' 2. Laccases can catalyze the
oxidation of awide range of substrates (typically
mono-, di-, and polyphenols, aromatic amines,
methoxyphenols and ascorbate), and they can be
used in the paper industry, the food industry, in
dye or stain bleaching, bioremediation, plant fibre
modification, ethanol production, biosensors,
biofuel cells, organic synthesis, and drug
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synthesis* 8. Theredox potential of laccaseislow
and in the 0.5-0.8 V vs. NHE range®. Laccase can
directly oxidize phenol and other small molecular
low redox potential compounds. Laccase also can
indirectly oxidize non-phenol compoundsand high
molecular compounds with the help of mediators.
However, the need for mediatorsisstill abarrier to
the utilization of laccases because of the cost of
the mediators. Laccase with atypical spectra and
oxidative characteristicswasfound to oxidize some
non-phenol compounds and polyaromatic
hydrocarbons directly®-12, Somelaccasesthat lack
the characteristic T1 site absorption spectra have
been isolated and proved to have atypical
characteristics. The atypical laccases can be
divided into yellow laccase and white laccase.
These atypical laccases were expected to be
promising enzymesin biotechnol ogy.
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Synthetic dyesarewidely used in various
industrial dyeing and printing processes. Synthetic
dyes can be mainly divided into azo dyes,
anthraguinone dyes and indigo dyes, according
to their major chromophores. The reactive group
azo dyes are mostly used in textile dyeing due to
their stability and superior fastness to the applied
fabric®®. The azo dyes possess about 50% of the
industrial dyes. Most of the synthetic dyes are
toxic, mutagenic and carcinogenic#**. Several
physical and chemical methods have been
attempted to treat dye-contaminated wastewater'®
18, Biological and enzymatic methods have been
considered as the promising methods in dye
degradation and color removal in recent years.
Laccase is one of the promising enzymes 19202,

In our previous work, a laccase with
atypical characters was purified, but its oxidation
mechanism was not further researched™. In this
study, UV-Vis spectrophotometry was used for
process monitoring of the oxidation products of
methyl red. High performance liquid
chromatography (HPLC) was used for detecting
the products. Additionally, the structures of
products were elucidated with electrospray
injection mass spectroscopy. The mechanism of
transformation was tried to understand using the
experimental approaches. As the laccase can
directly oxidize non-phenol methyl red, it hasgreat
potential in biotechnology, especially in
decolorization. We tried to optimize the
decolorization conditions of methyl red, using
factorial design, steepest ascent design and central
composite design.

MATERIALSANDMETHODS

Chemicals

Methyl red, 2, 2' -azino-bis (3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS) was
purchased from Sigma-Aldrich (Shanghai,
China).The other chemicals were of
chromatographic purity.
Laccaseand Enzymeassays

Fungal strain Trametes hirsuta |g-9
(CGMCC No. 2422) used in this study wasisol ated
by our laboratory from Mengshan Mountain. The
laccase was purified to be homogeneous based on
SDS-PAGE aswell as native PAGE. The physical
and chemical properties of laccase were
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characterized as previous reported'?. Laccase
activity was assayed at room temperature (25°C)
using ABTS as substrates. The assay mixture
contained 1 mM ABTS, 20 mM sodium acetate
buffer (pH 4.8) and asuitable amount of enzymein
atotal volume of 2.0 ml. The oxidation of ABTS
wasfollowed by an absorbanceincrease at 420 nm
(e = 36,000 M-1cnr?). One unit of laccase activity
was defined asthe amount of enzymethat oxidized
1uM of ABTS per minute. All the measurements
were performed in triplicate on aspectrophotometer
(UV-3100, Shimadzu).
UV-Visdetection, reaction dynamics

Methyl red was dissolved with pure
ethanol, and then diluted with 40 mM sodium
acetate buffer (pH 4.8). Finally, thereaction system
contained 25 UM methyl red, 1% ethanol and 0.5 U
I laccase. The reactions were stopped by adding
10 mM NaF at intervals*2. Control samples were
measured by adding 10 mM NaF at the beginning
of the reaction. The absorption spectra of al the
sampleswere measured from 200to 700 nm. All the
measurements were performed in triplicate on a
spectrophotometer (UV-3100, Shimadzu).
HPL C analysis, detection of products

The products of the samples were
analyzed by high performance liquid
chromatography (HPLC, Class-VP Ver.6.1,
Shimadzu); compounds were monitored by UV
absorption at 280 nm (SPD-10A, Shimadzu). The
HPL C column was 4.6 x 150 mm Shim-pack V P-
DOS. Theinjected volumewas 20 pl. A mixture of
methanol and tridistilled water (50:50, vol/val)
served as solvent at aflow rate of 1 ml/min under
isocratic conditions.
ESI-MS analysis, identification of oxidation
products

Mass spectroscopy (LTQ-Orbitrap XL,
Thermo Fisher, Germany) with electrospray
injection (ESI) was used, coupled to the HPLC
apparatus. The source voltage was maintained at -
4.5 kV, the electrospray injection N, sheath gas
flow pressure was set at 50 arb, the auxiliary gas
flow pressure was 10 arb, and the capillary
temperaturewas275°C.
Decolorization optimization

Decolorization determination was
performed in phosphate-citric acid buffers, and
they were assayed with the UV-Vis
spectrophotometer. The other decolorization
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conditions will be described in the following text
according to the design of the experiment.
Factorial design

Factorial designisthefirst experiment of
the series. Two level factorial design is a design
for 2to 21 factorswhere each factor isvaried over
two levels. In our experiment, the ranges of the
variables tested were enzyme 0.5-1.5 U | (step
length: 0.5 U I), pH 3.8-5.0 (step length: 0.6),
temperature 25-35°C (step length: 5 °C) and time
60-120 min (step length: 30 min). Four centre points
were added to check for curvature. For a 2+*
factorial design with four factors at two levels,
twelve experimental runs were required. Table 1
shows the four independent variables and the
different coded levels of the factorial design
experiments. Design Expert software (Version 7.0.0,
Stat-Ease Inc.) was used to analyze the data that
were obtained from the experiment. A fitted first-
order model was obtained based on the analysis
of the data (Egs. 1). The quality of fit of the first-
order model equation was expressed by the
coefficient of determination R?, and its statistical
significance was determined by an F-test.

Y=k +8 5+ 5 +5 5+ X, 4058, +5 .0 X,
+ EX e AL e X+ Y

Q)
T 15 the predicted wsponse, k, is ntercept,
k. k. k, amd)k, are fistomer livear cosffidents,
bk k Lk, k., and k| ar the nteraction coefficierds.

Table 1. Result of Factorial Design

Run X, X, X, X, Response
Enzyme pH Temp. Time Decolorization
Gl (°C)  (min) (%)
1 0.5 3.8 25 60 23.59
2 15 3.8 25 120 52.45
3 0.5 5 25 120 47.32
4 15 5 25 60 52.43
5 0.5 3.8 35 120 38.46
6 15 3.8 35 60 32.47
7 0.5 5 35 60 42.41
8 15 5 35 120 78.40
9 10 4.4 30 90 54.43
10 10 4.4 30 90 55.05
11 1.0 4.4 30 90 55.50
12 1.0 4.4 30 90 54.59

Steepest ascent path

The step lengths of the steepest ascent
path were based on the results obtained from the
factorial design. The direction of steepest ascent
isthedirectioninwhichY increases most rapidly.
Thisdirectionisparallel to the normal to thefitted
response surface. The steps along the path are
proportional to the regression coefficients k,, k,
k,, and k,. The coefficients of the model can be
used to construct the steepest ascent path. The
step length can be calculated fromthe Egs. 2. Table
2 showsthe design and experimental resultsalong
the path of steepest ascent.

S=erk, 2)

Sisthe step length;
eisafactor determined by experimenter based on
practical consideration;
A isthe step length of Factorial Design;
kJ istheregression coefficients of first-order model
equation.

Response surface methodology

In this study, we used Box-Behnken
response surface methodol ogy for the optimization
of decolorization. Box-Behnken response surface
methodol ogy was applied using the Design Expert
software to our study with three variables at three
levels (-1, O, +1). The different concentrations of
enzyme, different incubation pH and times were
the variables and designated as X, X, and X,
respectively. The range of variables investigated
is given in Table 3. The variables can be
approximated by the quadratic model Egs. 3.

Y=k +k X +55 +b X, +k X+, X +k K]
+ XX+ 5X 4k X,
e

Table 2. Experimental results along the
path of steepest ascent

Experiment Enzyme pH Time Decolorization

No. 1% (min) (%)
15 5 120 78.06
195 56 150 63.07
24 62 180 399

2.85 6.8 210 9.9
3.3 74 240 5.68

O~ WNEF
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W ic the pre dicte dresp orwe ;

L iz ptercept,l, k. andli. ame first - order linear coeffic ents;
L b andlki are cecond - order quadratic coefficients;
Lk mdk | are the mteraction coefficiert.

The three-dimensional response surface
plotswere plotted to find theimpact of each factor.
A total number of 17 experimentswere necessarily
carried out to estimate the coefficients. Datawere
analyzed using Design Expert programsincluding
analysis of variance (ANOVA) to find out the
interaction between the variabl es and the response.

RESULTS AND DISCUSSION

UV-Visdetection, reaction dynamics

Spectrophotometric analysis is a
convenient method to detect the degradation
process. The UV-Vis spectraof the samplestreated
with the laccase from T. hirsuta Ig-9 is shown in
Fig. 1. The observed reduction in absorbance at
525 nmindicated that methyl red was oxidized. The
increases in absorbance at about 250 nm and 350
nm indicated that new compounds were produced.
The result indicated the atypical laccase from T.
hirsuta 1g-9 could directly oxidize methyl red
without the help of mediators.
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HPL C analysis, detection of production

HPLC had been used to detect the
products of methyl red which had been treated
with laccase from T. hirsuta Ig-9. The result was
shownin Fig.2. Resultsof HPL C analysisindicated
that at least three products were produced. The
retention times of the three products were about
145 (Fig.2, fraction 1), 214 (Fig.2, fraction 2) and
280 s (Fig.2, fraction 3). The other chemical
products either were not formed or were formed
only in trace quantities.

ESI-MS analysis, identification of oxidation
products

ESI-M Swas used to identify the products
of methyl red. MS analysis of the products of
methyl red which had been treated with the atypical
laccase showed the following m/z values for the
negative nano ESI mode (in parenthesis the most
probable structure): 149 (2-hydrazinobenzoic acid,
N,H-Ph-COQO;, Fig.3a), 139 (4-nitrophenol, O,N-Ph-
OH-, Fig.3b). Thetwo products (m/z 149 and 139)
corresponded to fraction 2 and fraction 3,
respectively. Thefraction 1 (Fig.2) was not detected
by the ESI-MS.

Direct decolorization of azo dye methyl
red by yeast, crude laccase and partly purified
laccase have been studied®® , but they cannot
reveal the mechanism because of the presentation

Table 3. Result of response surface methodology of methyl red decolorization

X X X

Decolorization

1 2 4

Run Enzyme pH Time Actua Predicted Residual
ur (min) (%) (%) (%)

1 1.05 4.4 120 62.08 62.58 -0.50
2 1.95 4.4 120 67.05 66.39 0.66
3 1.05 5.6 120 56.12 56.77 -0.66
4 1.95 5.6 120 62.35 61.85 0.50
5 1.05 5 0 68.34 67.73 0.61
6 1.95 5 0 73.99 74.53 -0.55
7 1.05 5 150 75.71 75.16 0.55
8 1.95 5 150 76.65 77.26 -0.61
9 15 4.4 90 57.19 57.30 -0.11
10 15 5.6 o) 58.03 57.99 0.05
11 15 4.4 150 68.20 68.24 -0.05
12 15 5.6 150 57.31 57.20 0.11
13 15 5 120 78.37 78.09 0.28
14 15 5 120 77.43 78.09 -0.66
15 15 5 120 77.90 78.09 -0.19
16 15 5 120 78.84 78.09 0.75
17 15 5 120 77.90 78.09 -0.19

J PURE APPL MICROBIO, 8(1), FEBRUARY 2014.



ZHANG et d.: OXIDATION OF DYE METHYL RED WITH LACCASE 15

of other lignin modifying enzymes, manganese
peroxidase and lignin peroxidase. Laccases have
been demonstrated to oxidize phenolic azo dyes.
The common laccases and lignin peroxidases can
both oxidize the phenolic ring of the azo dyes by
one electron to generate a phenolic radical. The
phenolic radical can be oxidized by the enzymes
againto produce acarbonium ion wherethe charge
is localized on the phenalic ring carbon bearing
the azo linkage. Then, the nucleophilic attack by
water caused cleavage of the azo dyes®® %, So far,
laccase directly oxidize non-phenolic azo dyeshas
not reported. The study of the oxidation mechanism
of the atypical laccase is of good use to the
application of the laccase in decolorization
industry.

As methyl red cannot be oxidized to
generate a phenolic radical, the oxidation
mechanism of the atypical laccaseto oxidize non-
phenolic methyl red may be also different fromthe
oxidation mechanism of phenolic azo dyes with
common laccase. UV-Vis spectrophotometry was
used for process monitoring of the oxidation

Control
10 0.25h
1 0.5h
1ih
Zh
3h
S~ 5h
/ ’ 7h
1 24h

200 300 400 500 600
Wavelength (nm)

Fig. 1. UV-Vis absorption spectra of methyl red
decolorization by purified laccase of T. hirsuta lg-9

products of methyl red. The results of UV-Vis
spectrophotometry (Fig. 1) indicated the
productions of methyl red increased with the
oxidation time running. HPLC was used for
detecting the products. The results of HPLC
indicate the quantities of the products are no less
than three (Fig. 2). Additionally, the structures of
products were elucidated with electrospray
injection mass spectroscopy. The structures of
productsindicate the oxidation mechanisms of the
atypical laccase and common laccase are similar
but different (Fig.3). The cleavage sites of them
are the same, while the products are different®.
There were no quinones detected. We speculate
the atypical laccase can directly attack the dye,
which causes the N-demethylation of the dye.
Similar reactions have been reported in
decolorization by laccase-mediator system?” and
laccase-ultrasound treatment?. The formed amino-
group can be further oxidized by laccase®. Then,
the atypical laccase attack the azo linkage, which
induces a variety of subsequent reactions.
Leontievsky et al. proposed that yellow laccases

8000+ t
6000+
40004

2000

Amplitude (Volts)

0 200 400 600 800 1000

Time (Seconds)
Fig. 2. HPLC analysis of methyl red decolorization

by purified laccase of T. hirsuta lg-9.
Sample (fineline), Control (bold line)

Table 4. ANOVA results for the quadratic equation of Design Expert 7.0.0 for decolorization

Source Sum of Dgree Mean F p-value

Squares Freedom Square Vaue Prob > F
Model 1198.29 9 133.14 240.33 < 0.0001 significant
Residual 3.88 7 0.55
Lack of Fit 273 3 0.91 317 0.15 not significant
Pure Error 1.15 4 0.29
Cor Total 1202.16 16

J PURE APPL MICROBIO, 8(1), FEBRUARY 2014.
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were formed by modification of blue laccases by
mediators, so they can directly oxidizenon-phenolic
compound and hydroxy polyaromatic dye'® ! The
white laccases are formed by the replace of T, Cu
with other transition metals®® . The T1 site
functions as the primary electron acceptor and is
important to the redox potential of laccase™. The
laccase from T. hirsuta |g-9 may belong to white
laccase which may be formed by thereplace of T,
Cuwith Mn*2, Thisisprobably the main reason of
direct oxidation of methyl red.
Decolorization optimization
Resultsof factorial design

The experimental results of methyl red
decol orization by afour-factor-two level factorial
(2*Y) experiment design are shown in Table 1. A
first-order model was best fit to the data (Egs. 4).
We could predict the concentration of enzyme,
incubation pH and time could remarkably influence
the decolorization of methyl red. The value of k,
k, and k, (+8.00, +9.20 and +8.22) indicated that
increasing the concentration of enzyme, incubation
pH and time could enhance the decolorization. A

boose

CO0H Nokrrat bl ation

O
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I
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Furflor scdmato n

Fig. 3. The probably reaction scheme of methyl red
directly oxidized by the atypical laccase from
T. hirsutalg-9
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first-order model islimited to predict the product
of laccase, but it is instructful to the steepest
ascent path design.

T = +4504+2.00F +0.20.%, +1 99.F, + 2327,
+128 XX, +3 27X, X,

(4

Resultsof steepest ascent path
We obtained the steepest ascent path
design based on the first-order model. The value
of e was 0.115 based on practical consideration.
So the step length of steepest ascent path design
was 0.4598 (X)), 0.6 (X,) and 28.34 (X)) according
to Egs.2. We chose the step lengths as 0.45 U |1

g,. -

decolorization
B
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Fig. 4(a). The response surface plot showing the
effect of different concentrations of enzyme and
different pH on methyl red decolorization (Time =
120 Min). 4(b). The effect of enzyme and time on
methyl red decolorization (pH = 5.0). 4(c). The effect
of time and pH on methy! red decolorization
(Enzyme concentration = 1.5 U I')
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(X)), 0.6 (X,) and 30 min (X,) to make the experiment
more convenient (Table 2). The design and
experimental results along the path of steepest
ascent are shown in table 2. It is shown that the
decolorization of methyl red is about 78.06%, at
thepointof No.1 (X : 1.5U I} X1 5.0; X,: 120 min).
The No. 1 point was chosen as the centre point of
the central composite design to optimize the
decol orization of methyl red.
Resultsof responsesurfaceanalysis
Theexperimental datawerefirst analyzed
in order to determine second-order equations
including termsof interaction between thevariables
with Design Expert. The equations (Egs. 5) given
below are based on the statistical analysis of the
experimental data. The figure showsthe predicted
data of the response from the empirical model are
ingood agreement with the experimental ly obtained
data (Table 3).

V= 7300+ 2107 — 259 + 254K, + 03X -1 1REX
2O, —1 3587 - 14 B -3 07
.(5)

The Egs.5 can be converted into the uncoded unit
where

C =15 —5 —
Koom=m 2y BT Timeld0 ..(6)
045 0.6 30

The results of analysis of variance
(ANOVA) aresummarizedin Table4. TheModel F-
value of 240.33 implies the model is significant.
There is only a 0.01% chance that a “model F-
Value” thislarge could occur dueto noise. Values
of “Prob > F" lessthan 0.05 indicate model terms
aresignificant. In thiscase X, X,, X,, X X,, X,X,,
X2 X2 and X 2are significant model terms. The
“lack of Fit F-vaue’ of 0.15impliesthelack of fitis
not significant relative to the pure error.

In the present model, R? was adjudged to
be 99.68% *. Theresidual analysiswasalso carried
out for judging model adequacy. The residuals
should be approximately normal with mean zero
and unit variance®. The externally studentized
residualswere calculated (Table 3). Therewereno
signs of any problemsin our data, and the model
was validated.

The 3-D response surfaceplot (Fig. 4) and
the negative values of second order quadratic
coefficients (Egs.5) indicate the applicability of

maximization methyl red decol orization. Maximum
and minimum principle of differential calculuswas
used to maximize the equation (Egs. 5) with respect
to individual tested variables. The partial
differential equations obtained are:

AVIAN, =-27F, +072F.-1 18X, +222 A7)
A J X, =0 32K -29 GRX, 2 95K, -2.59 (8
AP AKX, =-1 18K, -2.93F, A 14X, +2.54 ()

When the decolorization of methyl redis
maximization, (3¥/ax,) , ., (8¥/ax,),, ,,and
(dr/ax,),, , areequal to zero. We can calculate
the value of Y was maximum when the algebraic
solutions were , X,=-011 and.x, =0.34.
These values correspond to the uncoded value of
€ =LE UL PH =453 and Time =130 .23 min.
The maximum predicated decol orization of methyl
red was 79.41%. These optimum values were
checked with experiments. The actual values of
the methyl red decolorization were at an average
of 80%.

X, - 066 CONCLUSON

In summary, this study demonstrates the
atypical laccase from T. hirsuta lg-9 is capable of
directly attacking non-phenolic azo dye methy! red,
and it can cause the degradation of methyl red.
Such laccase can be used in the oxidative
degradation of azo dyes in the environment. The
decolorization conditions have been optimized
using factorial design, steepest ascent design and
central composite design. The direct oxidation of
non-phenolic compoundisalso significant to reveal
therole of laccase in lignin degradation.
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