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Abstract: Indigo carmine is a typical recalcitrant dye which is widely used in textile dyeing
processes. Laccases are versatile oxidases showing strong ability to eliminate hazardous dyes from
wastewater. However, most laccases require the participation of mediators for efficient decolorization
of indigo carmine. Here we describe the improvement of the decolorization ability of a bacterial
laccase through site-directed mutagenesis. A D501G variant of Bacillus amyloliquefaciens laccase was
constructed and overexpressed in Escherichia coli. The laccase activity in the culture supernatant
achieved 3374 U-L for the mutant. Compared with the wild-type enzyme, the D501G exhibited
better stability and catalytic efficiency. It could decolorize more than 92% of indigo carmine
without additional mediators in 5 h at pH 9.0, which was 3.5 times higher than the wild-type
laccase. Isatin sulfonic acid was confirmed to be the main product of indigo carmine degradation
by UV-vis and LC-MS analyses.
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1. Introduction

Textile industries discharge great amounts of effluents to the environment, and about
15%—-20% of dyes are lost in the effluents during the dyeing process [1,2]. Since synthetic dyes are
designed to be chemically and photolytically stable, they are highly persistent and their removal
from wastewater is rather difficult. The discharge of untreated dye effluents in water bodies may
cause severe environmental and health hazards due to the toxicity of most synthetic dyes [1].

China is the largest dyestuff production country in the world. The national total output of dye
in 2015 was 9.2 x 10° tons, accounting for about 2/3 of the global output [3]. The export volume of
indigo dye in China increased 12.5% annually during the 12th Five-Year Plan period (2011-2015),
which was the highest among all dyes [3]. Indigo carmine is among the most widely used textile
dyeing agents for the dyeing of polyester fibers and denim. It is a typical recalcitrant dye and is
toxic to human health [4,5]. Various techniques have been employed to remove this dye from
wastewater, such as photocatalytic degradation, electrochemical oxidation, and ozonation [4-6].
However, these methods are usually quite expensive and consume high amounts of chemicals
and/or energy [7]. Biological processes, due to their eco-friendly and cost-competitive benefits, are
considered to be an alternative to the traditional physicochemical methods in dye effluents
treatment [1,7].

Currently, laccase-catalyzed decolorization has received much attention due to its potential
ability to degrade of a wide range of dyes [2,8]. Laccases (EC 1.10.3.2) are enzymes that belong to
the broader family of multicopper oxidases. They are able to catalyze the oxidation of various
aromatic compounds with the reduction of molecular oxygen to water [9]. The first commercial
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laccase was launched in 1996 by Novozyme, and was used for denim bleaching with the help of a
redox mediator. The product exhibited good performance in oxidizing the indigo dye on denim
garments into uncolored compounds [9]. To date, most commercial laccases are of fungal origin,
and they are usually active in moderate temperatures and an acidic pH range [9]. Since wastewater
from denim processing is characterized by high pH and high temperature [10], the application of
fungal laccases for the treatment of textile effluent is limited by their instability under these drastic
conditions.

Compared with fungal laccases, bacterial laccases are highly active and much more stable
under alkaline and high temperature conditions [9]. In our previous work, we heterologously
expressed and characterized a novel laccase from Bacillus amyloliquefaciens LC02. The recombinant
enzyme showed a half-life of inactivation about 3.5 h at 70 °C, and retained about 70% of its initial
activity after 10 days of incubation at pH 9.0 [11]. In addition, it could efficiently decolorize indigo
carmine with acetosyringone as a mediator. Nevertheless, the extent of decolorization in the
absence of a mediator was rather low. The application of the laccase-mediator system suffers from
drawbacks of high cost and the possible toxicity of most mediators, which hamper its application at
the industrial scale [12]. Therefore, this work aims to increase the decolorization of indigo carmine
by laccase without using mediators. The aspartic acid at position 501 in B. amyloliquefaciens laccase is
close to the T1 Cu site (Figure S1), and adjacent to methionine 502, which is the axial ligand of the T1
copper ion [13]. It has been suggested that Asp501 in B. subtilis laccase lies at the surface of the water
channel by which the dioxygen molecule approaches the trinuclear copper center. It also is involved
in the formation of hydrogen bonds with the solvent molecules in the channel [14]. Multiple
sequence alignments showed that Asp501 has only been found in laccases from Bacillus sp., whereas
a glycine residue at the corresponding position existed in other bacterial and fungal laccases
(Figure S2). It has been reported that the substitution of Asp500 (equivalent to Asp501 in
B. amyloliquefaciens and B. subtilis laccase) by glycine could increase the catalytic efficiency and
functional expression of Bacillus sp. HR03 laccase [15]. Thus, the site-directed mutagenesis method
was employed to improve the catalytic efficiency of B. amyloliquefaciens laccase (Scheme 1). The
mutant enzyme was overexpressed in Escherichia coli to achieve a high-yield production. The
degradation products of indigo carmine were also characterized using UV-vis and LC-MS analyses.
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Scheme 1. Site-directed mutagenesis of laccase from B. amyloliquefaciens for improving indigo

carmine decolorization.
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2. Results and Discussion

2.1. Site-Directed Mutagenesis and Expression in E. coli

Both the wild-type and D501G laccase could be extracellularly expressed in E. coli. The
volumetric activity with 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) as a substrate
reached 4319 U-L for the wild-type enzyme and 3374 U-L- for D501G. The expression level is
significantly higher than that of the wild-type laccase expressed in Pichia pastoris (380 U-L) [11].
Moreover, the induction time was reduced from seven days to one day when E. coli was used as the
host for recombinant protein production. In most cases, the expression of bacterial laccases in E. coli
resulted in the formation of inclusion bodies, which were difficult to refold and purify and resulted
in low yields [13,16-18]. Furthermore, the recombinant laccases were usually located intracellularly,
and cell disruption was required to extract the target proteins. Extracellular expression of recombinant
proteins, which has the advantages of decreasing protein aggregation and simplifying the purification
process, affords an opportunity to overcome these issues [19]. Unfortunately, the secretory expression
of bacterial laccases in P. pastoris were unsatisfactory due to the low yield and long cultivation time
[11,20,21]. Recently, the B. subtilis laccase was successfully expressed in secretory form in E. coli by
altering the induction conditions, and high laccase activity (2401 U-L-') was achieved after the
optimization of induction parameters [22]. In the present study, we also detected high activity in the
culture medium for both the wild-type and D501G laccase using the two phase induction strategy.
However, the D501G variant exhibited a lower volumetric activity than the wild-type laccase.
Previous reports indicated that replacing aspartic acid with glycine at the same position (D500G)
resulted in the enhancement of the soluble expression of B. licheniformis and Bacillus sp. HRO03
laccases in E. coli [15,23]. Therefore, the lower laccase content in the culture supernatant of D501G (41
and 71 mg-L-' for D501G and the wild-type, respectively) might be due to the increase of the soluble
expression in the E. coli cells.

2.2. Enzyme Characterization

SDS-PAGE analysis showed a band with a molecular weight of about 65 kDa for the purified
mutant and wild-type laccases (Figure 1). Further, a similar pH profile was observed for the mutant
and the wild-type. The optimal pH for ABTS oxidation was 4.6 (Figure 2a), with a slight shift toward
a more alkaline range compared with that of the P. pastoris-expressed laccase [11]. The D501G
variant exhibited a higher stability at pH 9.0 (Figure 2b). It was fully active after 10 days of
incubation at pH 9.0, while the wild-type enzyme retained 53% of the initial activity.
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Figure 1. SDS-PAGE analysis of the purified D501G mutant and wild-type laccase. Lane M: protein
marker; Lane 1: the D501G mutant; Lane 2: the wild-type laccase.
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Figure 2. Effect of pH on activity (a) and stability (b) of the wild-type and D501G. (a) Laccase activity
was measured with ABTS as a substrate; (b) the stability was tested at pH 9.0. Error bars represent
the standard deviation of three replicates.

Although the D501G mutant had the same optimal temperature (70 °C) as the wild-type, it
demonstrated a higher thermostability (Figure 3). The half-lives of inactivation at 70 °C were about
2 h and 3 h for the wild-type and mutant laccase, respectively (Figure 3b). As shown in Table 1, there
was a 35% decrease in Km and a 2.3-fold increase in ke, which resulted in about a 3.7-fold higher
catalytic efficiency. Similar results have been found for the D500G mutant of Bacillus sp. HR03
laccase [15], while a slight decrease in catalytic efficiency was measured for the D500G variant of

B. licheniformis laccase [23].
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Figure 3. Effect of temperature on activity (a) and stability (b) of the wild-type and D501G.
(a) Laccase activity was measured with ABTS as a substrate; (b) the stability was tested at 70 °C.
Error bars represent the standard deviation of three replicates.
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Table 1. Catalytic parameters of the purified wild-type and mutant laccases.

Enzyme Kn (UM) kat (s)  keat/Km (s-uM™1) Specific activity (U-mg™)
Wild-type 436.8+482 50.1+4.4 0.11 60.5+ 0.7
D501G  282.6+20.9 117.2+4.6 0.41 81.4+1.9

2.3. Indigo Carmine Decolorization

Dye decolorization tests revealed a remarkable enhancement of indigo carmine degradation by
laccase after mutagenesis. No obvious decolorization occurred in the first 1 h when the wild-type
laccase was used without an additional mediator, and only 26% of indigo carmine was decolorized
after 5 h (Figure 4). In contrast, the D501G mutant could decolorize more than 92% of indigo
carmine in 5 h at pH 9.0, which was about 3.5 times higher than that of the wild-type enzyme.
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Protein structure analysis indicated that the replacement of Asp501 caused a decrease in the
number of hydrogen bonds formed at position 501 and a larger space between Gly501 and Met 503
(Figure S3), which may increase the conformational flexibility of this region. Conformational
flexibility in the active site is important for substrate binding and for enzyme catalysis, and there is
usually a positive correlation between conformational flexibility and enzyme activity [24-26]. As
mentioned above, the Asp501 is adjacent to the axial ligand (Met502) of the T1 copper ion and lies
at the surface of the water channel. Met502 has been proven to play an important role in affecting
the redox potential of the T1 site, where the substrate was oxidized by the copper ion [27]. Additionally,
the less steric hindrance at position 501 could increase the accessibility of solvent molecules in the
water channel, and consequently influence the redox potential of the copper center [15]. Therefore,
the increase in the flexibility near the T1 site may impact the redox potential of the laccase and lead
to a higher catalytic efficiency for indigo carmine decolorization. Generally, mediators are needed
for efficient decolorization of indigo carmine by fungal or bacterial laccases. For example, laccases
from Trametes hirsuta Bm2 alone were not able to oxidize indigo carmine, even under high
enzymatic activity (18,000 U-L-') [28]. Indigo carmine was poorly decolorized by Streptomyces
coelicolor laccase in the absence of mediators, while more than 85% of the dye was decolorized by
laccase with syringaldehyde as a mediator [29]. Although the laccases-mediator system demonstrates
high efficiency in dye decolorization, it also increases the application cost as most mediators are
expensive, and they cannot be co-immobilized when an immobilized enzyme is used. Moreover,
the toxicity of some mediators limits their practical application. Hence, the development of
laccase-catalyzed oxidation without mediators is much more desirable for wastewater treatment.
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Figure 4. Decolorization of indigo carmine by the wild-type and D501G mutant at pH 9.0. Error bars
represent the standard deviation of three replicates.

The cleavage of the chromophore is a crucial step in dye degradation, which makes the dye
fragments more susceptible to the subsequent biodegradation [7]. The chromophore center of
indigo carmine consists of a C=C double bond substituted by two NH donor groups and two CO
acceptor groups [30]. As shown in Figure 5, the characteristic peaks of indigo carmine are situated
at 610 nm, 287 nm, and 250 nm in the UV-visible absorption spectrum. The peak at 610 nm, which
accounts for the blue color of indigo carmine, disappeared after the laccase treatment. Meanwhile,
the peak at 287 nm also vanished and the absorption band at 250 nm increased and blue-shifted to
235 nm. The results suggested the cleavage of the chromophoric structure of the dye and the
generation of a new compound. The spectrum of the laccase-treated solution is very similar to that
of isatin sulfonic acid (ISA) [31], which can be formed from indigo carmine by breaking down the
double bond in the H-chromophore [31,32].
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Figure 5. UV-vis absorption spectra of indigo carmine before and after treatment by D501G.

To identify the decolorization products, the solutions before and after laccase treatment were
analyzed by LC-MS. The main peak at m/z 421, which corresponds to a single charged anion of
indigo carmine [33], was present in the mass spectrum of the initial dye solution (Figure 6a). After
5 h of treatment by laccase, this anion was no longer detected, indicating that the dye was
completely biotransformed. Two most abundant peaks at m/z 226 and 244 were observed in the
mass spectrum (Figure 6b). The m/z peak at 226 is a characteristic peak of ISA, which can be further
converted to the anion of m/z 244 by the addition of H20. Both products of m/z 226 and 244 can be
identified during indigo carmine degradation by other methods [32-34]. These results are consistent
with that of the UV-visible spectra, which revealed the characteristic peak of ISA at 235 nm.
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Figure 6. Mass spectra of indigo carmine before (a) and after (b) treatment by D501G.
3. Materials and Methods

3.1. Materials

2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS), syringaldazine, and indigo carmine
were products of Sigma-Aldrich (St. Louis, MO, USA). Fast Mutagenesis System was supplied by
TransGen (Beijing, China). Gel Extraction Kit and Plasmid Mini Kit I were purchased from Omega
Bio-Tek (Norcross, GA, USA). E. coli BL21(DE3) competent cells and Bradford Protein Assay Kit
were obtained from Tiangen (Beijing, China). Expression vector pET-20b(+) was a product of
Novagen (Billerica, MA, USA). Recombinant plasmid pPICZaA/lac harboring the wild-type laccase
gene from B. amyloliquefaciens LC02 was constructed previously and preserved in our laboratory
[11]. Restriction enzymes and T4 DNA ligase were purchased from NEB (Ipswich, MA, USA).
HisTrap HP affinity columns were from GE Healthcare (Piscataway, NJ, USA). Other chemicals
were of analytical reagent grade.
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3.2. Site-Directed Mutagenesis

The wild-type laccase gene was amplified from the plasmid pPICZaA/lac with forward primer
5-GCGTCCATATGGCACTGGAAAAATTTGCAGATG-3' and reverse primer 5-CCGCTCGAGC
TGCTTATCCGTGACGTCCATC-3' [11]. Recognition sites of Nde 1 and Xho I are indicated by
underline. The amplified product was purified and digested with Nde I and Xho 1. Then, it was
cloned into pET-20b(+) vector, and the recombinant plasmid pET-20b(+)/lac was used as a template
for site-directed mutagenesis. A mutant D501G was constructed using Fast Mutagenesis System
according to the supplier’s protocol. For creation of the variant, the following primers were used:
D501G-F 5-GAGCACGAAGATTACGGTATGATGAGACCGAT-3 and D501G-R
5-ACCGTAATCTTCGTGCTCTAAAATATGACAGTGC-3'. The sequences of the inserted genes
were verified by sequencing. Plasmids containing the wild-type and the mutant laccase gene were
then transformed into E. coli BL21(DE3) for protein expression.

Multiple sequence alignment was performed with Clustal Omega (http://www.ebi.ac.uk/
Tools/msa/clustalo/). All protein sequences were searched from the NCBI (National Center for
Biotechnology Information, https://www.ncbi.nlm.nih.gov). Homology modeling was performed
using the SWISS-MODEL Server (http://swissmodel.expasy.org/). CotA protein from B. subtilis
(Protein Data Bank (PDB) ID: 1GSK) that showed 76.76% identity to B. amyloliquefaciens laccase was
used as a template. The protein structures were analyzed with PyMol viewer.

3.3. Protein Expression and Purification

E. coli BL21(DE3) cells harboring the wild-type laccase and its variant were grown overnight in
5 mL LB (Luria-Bertani) medium supplemented with 100 mg-mL-" of ampicillin (Solarbio, Beijing,
China) at 30°C, 180 rpm. The overnight culture (100 pL) was inoculated into 10 mL fresh
LB/ampicillin medium and incubated at 30°C with shaking (180 rpm). Protein expression was
induced at an ODew of 0.8 by adding 0.1 mM isopropyl-3-o-thiogalactoside (IPTG) (Solarbio, Beijing,
China) and 2 mM CuSOs (Sinopharm, Shanghai, China) (final concentration). After incubating at
25 °C, 120 rpm for 4 h, the shaker was turned off to achieve microaerobic conditions. Incubation was
continued at 30 °C for a further 20 h, and cells were harvested by centrifugation at 8000 rpm for
10 min. The supernatant was collected and concentrated with poly(ethylene glycol) (PEG) 20,000
(Solarbio, Beijing, China). The obtained sample was loaded on a HisTrap HP affinity column, which
was pre-equilibrated with 20 mM Tris-HCI (pH 7.4) containing 500 mM NaCl and 40 mM imidazole.
The target protein was eluted with 200 mM imidazole in the same buffer. The pooled active fractions
were concentrated and desalted by ultrafiltration (cutoff 30 kDa). Then the purified enzymes were
stored at —20 °C for further use.

3.4. Enzyme Assay and Characterization

Laccase activity was measured at 30 °C using ABTS and syringaldazine as substrates [13]. One
unit of enzyme activity was defined as the amount of enzyme required to oxidize 1 pmol of substrate
per minute.

Kinetic parameters for the purified laccase were determined at 30 °C using different concentrations
of ABTS (50-1000 pM). Protein concentration was determined using the Bradford Protein Assay Kit
with bovine serum albumin as the standard. All assays were carried out in triplicate.

The optimal pH and temperature as well as pH and thermal stability of the wild-type and
mutant enzyme were determined as previously described [11].

3.5. Indigo Carmine Decolorization

Decolorization was conducted with 100 U-L of laccase and 25 mg-L-! indigo carmine in 50 mM
Tris-HCl buffer (pH 9.0). Reactions were initiated by the addition of laccase, and incubated at 40 °C
under mild shaking conditions. Control samples were run in parallel without laccase. The residual
dye concentration was determined using a UV-visible spectrophotometer (BioSpectrometer,
Eppendorf, Humburg, Germany). All reactions were performed in triplicate.
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To analyze the degradation products, laccases were removed from the reaction mixture using
Amicon Ultra-15 centrifugal filters (10 kDa) (Millipore, Billerica, MA, USA). HPLC (Surveyor,
Thermo Finnigan, Waltham, MA, USA) analysis was performed on a Symmetry C18 column
(2.1 x 150 mm), using a mixture of 100% acetonitrile and 0.1% formic acid (7:3, v/v') as the mobile
phase. The flow rate of the mobile phase was 0.3 mL-min-'. ESI-MS (Electrospray lonization mass
spectrometry) analysis was performed with a mass spectrometer (LCQ Deca XP MAX, Thermo
Finnigan, Waltham, MA, USA) operating in the negative ion mode. Typical ESI conditions were as
follows: sheath gas flow rate 70 bar; auxiliary gas flow rate 15 bar; spray voltage 4.5 kV; capillary
voltage 15 V; and capillary temperature 350 °C.

4. Conclusions

A D501G variant of B. amyloliquefaciens laccase was constructed by site-directed mutagenesis.
Both the wild-type and D501G laccases could be extracellularly overexpressed in E. coli. The D501G
exhibited higher stability and catalytic efficiency than the wild-type laccase. In addition, indigo
carmine decolorization by laccase was improved 3.5 times after mutagenesis. In the absence of
mediators, more than 92% of indigo carmine was decolorized by D501G in 5 h at pH 9.0. Isatin
sulfonic acid was confirmed to be the main product of indigo carmine degradation.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/9/275/s1,
Figure S1: Homology model of the wild-type laccase from B. amyloliquefaciens; Figure S2: Protein sequence
alignment of fungal and bacterial laccases; Figure S3: Partial structure of the wild-type laccase (a) and D501G
variant (b).
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