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Abstract In this study, in-house isolated laccase iso-
forms, i.e., Lac-1 and Lac-II of the basidiomycete
Pycnoporus sanguineus (CS43), were evaluated in rela-
tion to their Remazol Brilliant Blue R (RBBR) dye
degradation capacity. A modified Dhouib medium ad-
ditionally supplemented with 3% ethanol as a secondary
inducer was used to propagate P. sanguineus CS43 for
enhanced production of laccase under liquid state fer-
mentation. The crude laccase extract was purified by
passing through ion exchange diethylaminoethanol
(DEAE)-Sepharose and gel filtration-based Sephadex
G-200 column chromatography. The purified laccase
fractions were subjected to the electrophoresis, and so-
dium dodecyl sulfate-polyacrylamide gel electrophore-
sis analysis revealed two laccase isoforms Lac-I and
Lac-IT with 66 and 68 kDa, respectively. To explore
the industrial applicability, for RBBR dye, degradation
efficiencies ranged from 82 to 88% after 3 h of incuba-
tion for both; Lac-I and Lac-II at both concentrations
were recorded. However, with 8 U/mL, the degradation
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ranged between 70 to 80% during the first 5 min of
incubation. Enhanced degradation of RBBR dye was
obtained in the presence of violuric acid and N-
hydroxypthalamide as laccase mediators. Finally, using
RBBR as a substrate kinetic characterization of both
Lac-I and Lac-II isoforms was performed that revealed
K, (0.243 and 0.117 mM for Lac-I and Lac-II) and V.
(1.233 and 1.012 mM/Sec for Lac-I and Lac-II) values,
respectively.
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1 Introduction

Dyes and colorants are widely used in a variety of
industrial activities, including the production of paper,
cosmetics, food, plastics, textiles, pharmaceuticals, and
personal care products along with many others (Ahmed
et al. 2017). The most obvious effect of dyes and color-
ants in the liquid effluents is esthetic, although there are
other adverse effects such as high chemical and biolog-
ical oxygen demand levels and reduction in photosyn-
thetic activity due to the decrease in light penetration
(Yesilada et al. 2003; Aksu 2005; Nilsson et al. 2006;
Teerapatsakul et al. 2008; Asgher et al. 2016), that are
toxic, carcinogenic, mutagenic, and posing serious
health hazards to the entire living ecosystem (Asgher
et al. 2014). Most of the industries discharged their
routine waste, dyes, and dye-based effluents into the
main water streams with or without some partial
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treatments. An eco-friendly treatment of such wastes,
removal of dyes, and colorants from wastewaters is not
simple and thus still a major environmental concern of
the modern world (Agathos et al. 2010; Asgher and
Igbal 2013, Teerapatsakul et al. 2017).

In spite of the existing physical/chemical technolo-
gies which are usually expensive and commercially
unattractive, biological processes provide an alternative
cost-effective and eco-friendly approach that can be
applied to wide range of dye-containing industrial efflu-
ents (Teerapatsakul et al. 2008; Asgher et al. 2012a, b;
Asgher and Igbal 2013). Thus, the use of other micro-
organisms, primarily fungi, has been explored as an
alternative to degrade aromatic and recalcitrant com-
pounds such as dyes (Lucas et al. 2006). The basidio-
mycetes group, in particular white rot fungi, has been
reported as capable of degrading these types of contam-
inants by virtue of its extracellular ligninolytic enzyme
system that includes laccases, lignin peroxidases, and
manganese peroxidases (Eichlerova et al. 2007;
Teerapatsakul et al. 2008; Asgher et al. 2012a, 2013;
Asgher and Igbal 2013).

Laccases (benzenediol: oxygen oxidoreductases, EC
1.10.3.2) can degrade a wide variety of substrates phe-
nolic and aromatic pollutants. These enzymes belonging
to the group of blue oxidases and possess a low redox
potential which offers it the ability to be a good oxidiz-
ing agent (Shraddha et al. 2011). Laccases have much
environmental application in bioremediation of herbi-
cides, pesticides, and insecticides and biodegradation of
different contaminants such as endocrine disruptors
(Shraddha et al. 2011; Garcia-Morales et al. 2015;
Rodriguez-Delgado et al. 2016; Gonzalez-Coronel
et al. 2017; Barrios-Estrada et al. 2018).

Because laccases can catalyze the oxidation of aro-
matic compounds and lignin units, three applications of
these enzymes for dyes degradation from wastewater
has been studied. This paper reports the results of a
study focused on the use of purified laccase isoforms,
i.e.,, Lac-I and Lac-II produced from P. sanguineus
(CS43) for the degradation of industrially relevant syn-
thetic Remazol Brilliant Blue R (RBBR) dye(Ramirez-
Cavazos et al. 2014). During the past many years, we
have established substantial development in many pro-
cesses related to the indigenous culture isolates and
triggered in-depth studies of ligninolytic-secreting
strains, their complex enzyme systems, and the use of
those enzymes as a biological catalyst. In this context,
the present study was aimed to evaluate the biological
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degradation potential of in-house isolated two laccase
isoforms in the presence or absence of violuric acid
(VA) and N-hydroxypthalamide (N-HPT) as a mediator
to assess their efficiency in favoring the degradation of
RBBR dye. Moreover, the kinetic and catalytic param-
eters were also calculated using different models includ-
ing the Lineweaver-Burk, Eadie-Hofstee, Scatchard,
and Hanes-Woolf.

2 Materials and Methods
2.1 Chemicals/Reagents and Textile Dyestuff

The anthraquinone-based dye Remazol Brilliant Blue R
“RBBR” (CAS 2580-78-1), 2,2'-azino-bis(3-ethylben-
zothiazoline-6-sulfonate) diammonium salt (ABTS),
diethylaminoethanol (DEAE)-Sepharose, Sephadex
G-200, violuric acid (VA), and N-hydroxyphthalimide
(N-HPT) were mainly purchased from Sigma-Aldrich
(St. Louis, MO, USA). All culture medium components
were purchased from Difco (BD Diagnostics, Sparks,
USA). All other reagents used in the present study were
of analytical laboratory grade and used as received
without further purification. Figure 1 represents the
chemical structure of RBBR textile dye and the two
compounds were used as mediators, VA and N-HPT.

2.2 Microbial Culture Maintenance and Fermentation
Protocol

In the present study, a previously isolated native strain of
P sanguineus (CS43) obtained from the local culture
collection of the Universidad Auténoma de Nuevo
Leodn, Mexico, was initially maintained on yeast-malt-
glucose agar medium (YMGA). Three mycelial plugs
(5 mm) were taken from the fully grown culture and
transferred to a modified Dhouib medium additionally
supplemented with copper sulfate (0.35 mM) as a pri-
mary inducer. The main constituents of the fermentation
medium were (g/L): glucose, 10; peptone, 5; yeast ex-
tract, 1; ammonium tartrate, 2; potassium phosphate, 1;
potassium chloride, 0.5; magnesium sulfate, 0.5; and
trace elements solution (ethylenediaminetetraacetic acid
(EDTA), FCSO4, ZHSO4, MnClz, H3BO4, COClz, CuClz,
and NaMoOy,) in aqueous solution (1 mL). The medium
was sterilized at 121 °C for 15 min. All of the sterilized
culture flasks were incubated at 25 °C on a rotary shaker



Water Air Soil Pollut (2017) 228: 469

Page 3 of 10 469

Fig. 1 (a) Chemical structure of a
Remazol Brilliant Blue R dye. (b)

Chemical structure of violuric
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at 150 rpm. Three days after initial inoculation, ethanol
(3%) was added as a secondary inducer.

2.3 Extraction Protocol and Laccase Activity

After the stipulated period, the fermented liquid broth
was centrifuged at 14,000g for 10 min (Eppendorf Cen-
trifuge Model 5415¢) to remove the cell debris with
maximal clearance. Following that, a 100-puL sample
aliquot was taken from the previously centrifuged cul-
ture extract and the laccase activity was determined
spectrophotometrically at 405 nm by monitoring the
oxidation of ABTS. Blanks contained 100 pL of dis-
tilled water instead of culture supernatants. Laccase
activity was expressed in units (U/mL). Laccase activity
was measured using the formula as shown in Eq. 1:

A, (units /L)

M Absorbance « 106 pmol y
S mol

60 [i} D,
min

5[ L }xB[cm]

mol cm

(1)

where M is the slope of the reaction kinetics (absor-
bance/s), ¢ = 36,000 M 'em ™!, Dfis the sample dilution
factor, and B is the cell path length (1 cm).

NH,
SO3 Na

SO,CH,CH,0S0 Na

(o
O
O

2.4 Laccase Purification

The crude laccase produced by the basidiomycete
P sanguineus (CS43) was purified by ammonium sul-
fate precipitation technique, followed by ion exchange
DEAE-Sepharose and Sephadex G-200 column gel fil-
tration chromatography. The desalted laccase extract
was first ultra-filtered and then loaded on a DEAE-
Sepharose column (2.5 x 17 cm) equilibrated with
20 mM sodium phosphate buffer of pH 6.0. The enzyme
fractions were eluted with a linear concentration gradi-
ent from 20 to 150 mM potassium phosphate. Fractions
containing laccase activity were collected and further
concentrated in an Amicon cell. Ion exchange chroma-
tography showed two distinct laccase activity peaks that
were labeled as Lac-I and Lac-II according to the elution
time. Concentrated samples of Lac-I and Lac-II were
then applied and eluted independently on a Sephadex G-
200 column (1.5% 71 cm) equilibrated with 100 mM
sodium phosphate buffer of pH 6.0. Fractions contain-
ing laccase activity were collected and concentrated. In
both cases, an apparently homogeneous single peak was
detected. The purified laccase fractions were subjected
to the electrophoresis and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)
analysis.

2.5 RBBR Dye Degradation Analysis

For RBBR degradation assays, each laccase isoform
was assessed at 1 and 8 U/mL in the presence of VA
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and N-HPT as laccase mediators. RBBR dye was eval-
uated at two different concentrations, i.e., 50 and
100 mg/L. The analyses were performed at the maxi-
mum absorbance spectra (Amax) of the dye tested
(595 nm) using a microplate reader (FLUOstar Omega,
BMG Labtech, Germany).

The degradation efficiency was calculated in percent
according to the equation:

Ag—Ay

Decolorizaton (%) = X 100 (2)
0

where A = initial absorbance and A= final absorbance.
The final absorbance for the dye RBBR was reported
after 3 h incubation and for RB-5 after 15 h. The
statistical analyses were performed using the statistical
software Minitab 15.1. Treatment effects were declared
statistically significant if P<0.001 unless otherwise
noted.

2.6 Kinetic Parameters Calculation

The kinetic constants, i.e., K, and V,,,, of Lac-I and
Lac-II for RBBR, were determined using different ki-
netic models: the Michaelis-Menten and Lineweaver-
Burk, Eadie-Hofstee, Scatchard, and Hanes-Woolf
models. The conditions of the experiment were at
25 °C. Equation 3 was used to calculate the kinetic
parameters:

Vinax [S ]

o + [S] (3)

vV =
where v, is the rate of the enzyme-catalyzed reaction, [S]
the concentration of substrate, K,,, the Michaelis-Menten
constant, and V.« is the maximum reaction rate. Table 1
shows additional methods for the calculation of the
kinetic parameters used in this work.

3 Results and Discussion

In-house isolated basidiomycete P. sanguineus (CS43)
strain was used to produce its laccase isoforms Lac-I and
Lac-II under some previously optimized liquid state
fermentation parameters (Ramirez-Cavazos et al.
2014). After the stipulated fermentation period, the
maximal Lac-1 and Lac-II activities of 2713 +41 and
2443+ 113 U/L were recorded when the fermentation
medium was additionally supplemented with 3%
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Table 1 Calculation methods for the Michaelis-Menten kinetic
parameters

Method Expression

Lineweaver-Burk

Eadie-Hofstee

Scatchard —_V \% Viax
[S] K K,
-W N S m
Hanes oolf [ ] — — 11 [ } Km

ethanol as a secondary inducer. Ligninolytic enzymes
production is strongly affected by the nature and amount
of the nutrients and physical elements of the growth
substrate. A wider spectrum of various fungal species
has particular responses to various nutrients and show
different growth and enzyme activity patterns with dif-
ferent fermentation substrates (Vanhulle et al. 2007;
Teerapatsakul et al. 2007; Junghanns et al. 2008; Igbal
et al. 2011; Igbal and Asgher 2013). Moreover, the
above mentioned both laccase isoforms, i.e., Lac-I and
Lac-II were purified by passing through ion exchange
DEAE-Sepharose and gel filtration-based Sephadex G-
200 column chromatographic techniques accordingly.
The purified laccase fractions were subjected to SDS-
PAGE analysis and revealed two laccase isoforms Lac-I
and Lac-II with 66 and 68 kDa, respectively (Fig. 2).
Dye degradation capability of the newly purified
laccase isoforms produced by P, sanguineus was assayed
on RBBR at 50 and 100 mg/L. Dye degradation was
evaluated with 1 U/mL and 8 of the enzyme without
redox mediators (Fig. 3). Both laccase isoforms, i.c.,
Lac-I and Lac-II, showed higher degradation behaviors
against RBBR. At 50 mg/L RBBR concentration and
after 3 h incubation, Lac-I at both 1 and 8 U/mL degraded
about 84% of the dye, whereas Lac-II achieved 82 and
88% of degradation using 1 and 8 U/mL, respectively.
For RBBR at 100 mg/L, both laccase isoforms showed a
similar degradation pattern showing efficiencies above
80% at 1 and 8 U/mL. Degradation efficiency at the first
5 min by both laccase isoforms showed interesting re-
sults, where 8 U/mL of enzyme degraded 70 to 80% of
initial dye concentration (50 and 100 mg/L). In order to
make evident the initial velocities (V) relevant to the
Michaelis and Menten model, Fig. 4 shows a close-up
of the fast kinetics occurring in the first 5 min of
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M L1 L2

Fig. 2 Electrophoresis of laccase isoforms from P. sanguineus
(CS43) stained with Coomassie Brilliant Blue after purification.
Lane M——protein standard markers; lanes L-1 and L-2—purified
Lac-I and Lac-1I, respectively
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Fig. 3 Degradation of RBBR at different dye concentrations. a
50 mg/L and b 100 mg/L

degradation with 8 U/mL of Lac-I and Lac-II; during this
time, a significant degradation between 70 to 80% was
reached for both isoforms. Other studies have tested
RBBR degradation by laccases produced by Lentinula
edodes (Nagai et al. 2002), Trametes SQO1 (Yang et al.
2009), Ganoderma lucidum (Murugesan et al. 2007), and
P. sanguineus (Wang et al. 2010; Sarnthima and
Khammuang 2013). Soares et al. (2001) reported no
degradation of RBBR by a commercial laccase in the
absence of redox mediators. In contrast, a laccase from
P, sanguineus was able to degrade about 90% of this dye
in 10 min with an activity of 5 U/mL.

Based on the factorial statistical analysis, the most
significant factor in the dye degradation was the enzyme
concentration, followed by the interaction between the
enzyme isoform and enzyme concentration (Table 2),
which explains the difference in degradation efficiency
between 1 and 8 U/mL of the enzyme. The main effects
were significant at P <0.001 up to 10 min of degrada-
tion progress. The statistical analysis for the RBBR
degradation at 3 h showed that the most significant
factor in the dye degradation was an interaction between
the enzyme isoform and enzyme concentration
(Table 2). The two-way interaction was significant at
P <0.001, opposite to what was observed in the short
incubation times.

The dye degradation efficiency for RBBR was
very low for both laccase isoforms, i.e., Lac-I and
Lac-II, owing to this issue two mediators, i.e., VA
and N-HPT, were tested to enhance the overall deg-
radation yield and were also added to reduce the
degradation time. Each mediator was tested at 1
and 5 mM for colorant concentrations of 50 and
100 mg/L; the enzyme concentration selected was
1 U/mL (Figs. 5 and 6). The mediators are substrates
that can be oxidized by laccase first forming highly
active cation radicals capable of oxidizing non-
phenolic compounds that laccase alone cannot oxi-
dize (Asgher et al. 2014). The fastest degradation
was achieved with Lac-I in the presence of VA at
5 mM and 50 mg/L of dye concentration, showing
that higher degradation yields might be obtained at
lower mediator concentrations. Meanwhile, slow
degradation process was observed for Lac-II in the
presence of VA (1 mM of mediator concentration) at
100 mg/L of dye concentration. After 5 min, degra-
dation reached the stabilization phase with efficien-
cies around 80-90% at the end of 3 h. With an N-
HPM mediator, Lac-I after 15 h of incubation
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showed efficiencies of 71 and 67% at 50 and
100 mg/L of dye, respectively. For Lac-II, the max-
imum degradation efficiencies were obtained after
15 h, reaching 67 and 37% for 50 and 100 mg/L
of dye concentration.

The factorial statistical analysis showed that main
effects, two- and three-way interactions were statistical-
ly significant at P<0.001 at 25 min and 15 h of incu-
bation time. Based on the factorial statistical analysis, a
model was built with all the significant factors and

.............................

—o— Lac-I SOmg/L
-4 Lac-II 50mg/L
—o— Lac-1100mg/LL

--e- Lac-II 100mg/L

4 5 6 7

Time (min)

Fig. 4 RBBR degradation with 8 U/mL of Lac-I and Lac-II isoforms

interactions with a fit data of Radj2 =99.99%. The most
significant factor in the dye degradation analysis was the
mediator type, followed by mediator concentration. In
initial speeds, VA caused the higher degradation
percentage compared to N-HPM. This can be at-
tributed to the difference in chemical structure that,
although the VA does not have an aromatic ring, as
most mediators, the presence of conjugated carbon-
yl groups can provide resonance in the cycle such
as an aromatic ring. Thus, VA has a simpler

Table 2 Estimated effects and coefficients for the degradation of RBBR at 10 min and 3 h

Term 10 min 3h
Coef P Coef P

Constant 62.158 0.000 84.942 0.000
Enzlsof —0.067 0.869 —0.250 0437
EnzConc 18.133 0.000 0.850 0.016
ColConc -0917 0.034 0.808 0.020
Enzlsof x EnzConc —1.208 0.008 - 1.592 0.000
Enzlsof x ColConc —0.092 0.820 —0.200 0.533
EnzConc x ColConc 0.625 0.135 —0.367 0.260
Enzlsof x EnzConc x ColConc —0.400 0.328 —0.092 0.774
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Fig. 5 RBBR degradation by a 100
P. sanguineus (CS43) laccase
isoforms using VA as mediator. a
Lac-I and b Lac-II 80
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structure compared to N-HPM and more like a
phenolic ring. The model equation was based on

g --@-- S0mg/L, ImM
e &+ 100mg/L, ImM
x —e— 50mg/L, SmM
—=— 100mg/L, SmM

2 4 6 8 10
Time (min)

@+ 50mg/L, 1ImM
<k 100mg/L, 1ImM
—— 50mg/L, SmM

—a— 100mg/L, SmM

2 4 6 8 10
Time (min)

the statistical parameters obtained in the experimen-
tal design at 25 min of incubation:

Percentage dye degradation (25 min of incubation) = 39.8107 X pegiator + 1.1079 X guzisor.—1.7138 X peacone

+0.0063 XC()lCr)nu +1.0892 XMediator XEnzI\‘offl 2779 XMediatar XMedC()ncfo-0397 XMediator XC()IC()nc

+0.1138 XEnz_Isof A/MedCan_O-OO28 XEnzImf X colCone + 0.0165 X Medcone X colCone

—0.0886 X Mediator XEansqf XMedConc_O-O 177 X Mediator XEnzIsof X colcone

+0.0130 XMediator XMedConc XColC(mc_O-OOZO XMedConu XEnzImf XColConc

+0.0022 XMediamr XEnz[sof XMedConc XCOIConc

The kinetic parameters of the enzymatic reaction
catalyzed by Lac-I and Lac-II were calculated using four
different approaches: the Michaelis-Menten and
Lineweaver-Burk model, Eadie-Hofstee model,
Scatchard model, and Hanes-Woolf model. The enzyme
concentration selected was 0.6 U/mL, and RBBR was

used as the substrate. Lineweaver-Burk model best fitted
the data (data not shown) with a correlation coefficient
0f 0.998. Model plots gave an apparent K, of 0.243 and
0.117 mM and Vi, 1.233 and 1.012 mM/s for Lac-I
and Lac-1II, respectively. From the K, can be concluded
that Lac-II is a more efficient catalyst for RBBR
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Fig. 6 RBBR degradation by a
P. sanguineus (CS43) laccase

isoforms using H-DPT as media- 70
tor. a Lac-I and b Lac-1I
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substrate. Table 3 summarizes the enzyme kinetic fit
with different methods for Lac-I and Lac-II, respective-
ly. For Lac-II, concentrations of 30 and 50 mg/L of
colorant were taken away from the calculation due to
an error in the laccase concentration. Lac-II has two

Table3 V.« and K, for RBBR degradation with Lac-I and Lac-
1I

Vinax K. R R?
(mMsec ") (mM)

Lac-I Michaelis-Menten 1.446 0.300 0.994 0.988
Lineweaver-Burk  1.233 0.243  0.999 0.998
Eadie-Hofstee 1.260 0.248 0.941 0.886
Scatchard 1.381 0.280 0.941 0.886
Hanes-Woolf 1.352 0.273 0956 0915

Lac-II Michaelis-Menten 1.090 0.132 0989 0.979
Lineweaver-Burk  1.012 0.117 0998 0.996
Eadie-Hofstee 1.024 0.118 0.952 0.907
Scatchard 1.085 0.130 0.952 0.907
Hanes-Woolf 1.066 0.127 0972 0.945
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times higher K, than Lac-I which means that it will
reach 50% of V,,,, in half of the time although in larger
concentrations, both isoforms will reach the same V..
It was demonstrated that the molecular weight differ-
ence (11%) of both enzymes has a degradation differ-
ence in the kinetic properties which is the starting point
for new research on protein engineering.

4 Conclusion

In conclusion, both newly isolated laccase isoforms
demonstrated the high capability to degrade reactive
dyes. These new enzymes offer an opportunity to treat
wastewater effluents that contain dyes with local tech-
nology. The use of synthetic mediators improved the
overall dye degradation at the low mediator and isoform
concentration. It is recommended further studies of
these enzyme isoforms for other recalcitrant pollutants
such as hormones and organic pesticides which are
closely related at themolecular level to the tested dyes.
Because of the great potential for degradation, it is
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interesting to study the scale-up process for industrial
exploitation. Further studies are required in the medium
design, bioreactor optimization, and the downstream
process.
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