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• Bacillus sp. GZB is an endospore forming
laccase-producing bacterium.
• Spore-laccase from GZB was highly active and stable under various conditions.
• The cotA gene was cloned and expressed,
and the puriﬁed laccase was ~63 kDa.
• Both spore-associated and recombinant
laccases could completely degrade BPA.
• Acute toxicity assay indicated that laccase
can detoxify the toxicity of BPA.
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a b s t r a c t
Laccase has been applied extensively as a biocatalyst to remove different organic pollutants. This study characterized a spore-laccase from the bisphenol A (BPA)-degrading strain Bacillus sp. GZB. The spore-laccase was encoded
with 513 amino acids, containing spore coat protein A (CotA). It showed optimal activity at 70 °C and pH = 7.2 in
presence of 2, 6-dimethoxyphenol. At 60 °C, optimal activity was also seen at pH = 3.0 and pH = 6.8 with 2, 2′azino-bis (3-ethylbenzothiazoline-6-sulfonate) and syringaldazine, respectively. The spore-laccase was stable at
high temperature, at acidic to alkaline pH values, and in the presence of different organic solvents. Spore-laccase
activity was increased by introducing Cu2+, Mg2+, and Na+, but was strongly inhibited by Fe2+, Ag+, L-cysteine,
dithiothreitol, and NaN3. The cotA gene was cloned and expressed in E. coli BL21 (DE3); the puriﬁed protein was
estimated as having a molecular weight of ~63 kDa. Different synthetic dyes and BPA were effectively decolorized
or degraded both by the spore laccase and recombinant laccase. When BPA oxidation was catalyzed using laccase,
there was an initial formation of phenoxy radicals and further oxidation or C\\C bond cleavage of the radicals
produced different organic acids. Detailed reaction pathways were developed based on nine identiﬁed intermediates. The acute toxicity decreased gradually during BPA degradation by laccase. This study is the ﬁrst report
about a genus of Bacillus that can produce a highly active and stable laccase to degrade BPA.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
Environmental pollution by natural and xenobiotic endocrine
disruptor compounds have adverse health and ecological effects, raising
important concerns (Erkurt, 2015; Wang et al., 2017). For example,
bisphenol A (BPA) is a synthetic chemical that is widely used as a plasticizer in industrial and residential applications to manufacture polycarbonate plastics, epoxy resins and other polymers. There was a global
demand for BPA of approximately 6.5 million tons in 2012 (Larsson
et al., 2017; Zhou et al., 2015). Massive quantities of BPA products end
up in diverse environmental media, including water, sediment, soil,
and atmosphere. This occurs as a result of BPA manufacturing and processing, industrial waste removal, landﬁll leachate of plastic wastes,
electronic waste combustion, paint spraying, and other human activities
(Bereketoglu et al., 2017; Zhou et al., 2015). As such, BPA is frequently
present in the environment, with adverse effects on human health
and ecosystems (Rochester and Bolden, 2015; Xiong et al., 2016). BPA
is toxic for algae, invertebrates, and ﬁsh; and has mutagenic, carcinogenic, and estrogenic effects on all living organisms (Badiefar et al.,
2015; Mustieles et al., 2018; Seachrist et al., 2016). Consequently,
there is an urgent need for cost-effective and efﬁcient BPA removal
methods (Badiefar et al., 2015; Li et al., 2012). However, current physical, chemical, and biological methods encounter limitations during
practical applications. In contrast, enzyme catalyst remediation processes are environmentally friendly and economically sound alternatives for remediating contaminated environments. Recently, laccases
have received signiﬁcant interest as natural biocatalysts, due to their
sustainability and biochemical activities towards target organic and inorganic pollutants (Chen et al., 2016).
Laccase (benzenediol: oxygen oxidoreductase; EC 1.10.3.2) comprises a largest protein superfamily of multi-copper oxidases, which
catalytically oxidize a wide range of organic and inorganic substrates
while reducing molecular oxygen to water (Dwivedi et al., 2011;
Kandasamy et al., 2016). Excellent oxidation potential with broad substrate range has increased the role of laccase in different industrial
and biotechnological applications, including wood, biofuel, paper, textile, ﬁne chemicals, and food sectors. They are also used to support aromatic pollutant degradation, pulp deligniﬁcation, biobleaching, and
textile dye decolorization processes (Kandasamy et al., 2016; Lu et al.,
2012; Telke et al., 2009).
Laccases are mostly found in plants, insects, fungi, bacteria, and archaea (Chen et al., 2016; Kandasamy et al., 2016; Koschorreck et al.,
2008; Uthandi et al., 2010). Applications of bacterial laccases are still
limited to the scope of environmental pollutant removal, especially for
phenolic and polyphenolic compounds. Few studies have examined
BPA degradation using fungal laccases (Chen et al., 2016; Chhaya and
Gupte, 2013; Erkurt, 2015; Fukuda et al., 2001). Compared to fungal
laccases, the impressive features of laccases with Bacillus spore coat protein A (CotA) have exceeded expectations, particularly at high temperature, alkaline and acidic conditions, ultraviolet (UV) light, H2O2 and
other chemical agents under different environmental and industrial
conditions (Martins et al., 2015). Therefore, scientiﬁc communities
have increased their use of laccases to study its different industrial
and biotechnological applications as a natural biocatalyst.
In this study, we identiﬁed a spore laccase from a newly isolated bacterium Bacillus sp. GZB (Li et al., 2012). The spore CotA has a highly active and stable laccase, which was characterized using different
molecular and biochemical assays. First, the cotA gene from GZB was
identiﬁed using PCR and cloning methods and further conﬁrmed by sequencing. The spore laccase activity and stability were assessed across a
wide range of temperature and pH values using different substrates. In
addition, the effects of organic solvents, metal ions, and enzyme inhibitors on laccase activity were also evaluated. Finally, we also expressed
the CotA in E. coli BL21 (DE3). The expressed protein was puriﬁed and
characterized using SDS-PAGE and activity staining assays. Then, the
spore laccase was tested for dye decolorization and BPA degradation;
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this was followed by BPA degradation using recombinant laccase. The
BPA degradation pathways were predicted by identifying the degradation intermediates using GC–MS. Acute toxicity was evaluated to understand the formation of environmentally benign products during BPA
degradation. This study is the ﬁrst report of a highly active and stable
spore laccase being generated from Bacillus sp. GZB and then applied
to degrade BPA.
2. Materials and methods
2.1. Chemicals, media and microorganism
The strain Bacillus sp. GZB used in this study had been previously isolated from sludge collected from an electronic waste recycling site in
Guiyu, China (Li et al., 2012). A puriﬁed culture of GZB was revived
from 15% glycerol at −80 °C on a Luria-Bertani (LB) agar medium. The
spore cells of the strain GZB were developed using a nutrient broth sporulation medium (NSM) with slight modiﬁcations (Schaeffer et al.,
1965). The experimental chemicals and media are described in the
supporting information (SI).
2.2. Preparation and puriﬁcation of spore cells
The spore suspension was prepared according to the reference (Lu
et al., 2012) with slight modiﬁcations. The detailed procedure is included in the SI.
2.3. Determination of laccase activities
Laccase activity of spore suspension was measured spectrophotometrically according to the described methods (Koschorreck et al.,
2008; Lu et al., 2012), using three different substrates of 2, 2′-azinobis (3-ethylbenzothiazoline-6-sulfonate) (ABTS), syringaldazine (SGZ)
(both are dissolved in anhydrous ethanol), and 2, 6-dimethoxyphenol
(DMP) (dissolved in 50% ethanol). Detailed information is included in
the SI.
2.4. PCR ampliﬁcation and cloning of laccase gene
The putative laccase gene (spore coat protein A; cotA) of strain GZB
was identiﬁed using two oligonucleotide primers, designed based on
the putative gene sequence of Bacillus subtilis strain ATCC 19217 (Protein ID: AIW36525.1). The primers and PCR conditions are described
in SI. The puriﬁed DNA fragment was ligated into the pMD™19-T Easy
vector (Takara, China) and transformed into E. coli DH5α competent
cells, following the manufacturer's instructions. After overnight incubation on LB agar plates containing 100 μg mL−1 of ampicillin, 40 μg mL−1
of X-gal and 24 μg mL−1 of isopropyl β-D-1 thiogalactopyranoside
(IPTG), the white colonies were screened as positive clones. The plasmid
DNA was isolated from selected clones using a Plasmid DNA Extraction
Kit (Sangon Biotech Co., Ltd. Shanghai, China), following the manufacturer's instructions. The full-length gene sequencing was completed
using universal vector-speciﬁc primers.
2.5. Sequence and structure analyses of laccase
A multiple sequence alignment was conducted using the amino acid
sequences of different multicopper oxidases with GZB laccase using the
clustalW online server. The comparative 3-D protein homology model
of GZB laccase was developed using the SWISS-MODEL program, with
Bacillus subtilis (PDB: 1GSK_A) used as a protein template. The 3D cartoon model is visualized using PyMol 1.7. The phylogenetic tree, based
on the amino acid sequence of the laccase gene, was constructed using
MEGA 6.0 (Tamura et al., 2013).
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2.6. Characterization of spore laccase
The effects of pH and temperature on spore laccase activity and stability were evaluated using three different substrates, including ABTS,
SGZ, and DMP in a 0.1 M McIlvaine buffer. The buffer was controlled
at pH levels ranging from 2.0–8.0 for pH activity test. The pH stability
was determined at the optimal pH of the substrates for 5 days. The temperature activity was evaluated at 20–90 °C and the temperature stability was evaluated at 50–80 °C. The enzyme assay was conducted using
the method described above. The maximum enzyme activity was
established as 100%, and relative activity was then calculated. The effects of various metal ions, enzyme inhibitors, and organic solvents on
spore laccase activity were also characterized under standard conditions. Experimental details are included in the SI.

(HPLC) equipped with an Agilent XD8-C18 column (4.6 × 250 mm,
5 μM). The detailed analysis is provided in SI.
The metabolic intermediates of BPA by laccase were analyzed using
7890 gas chromatography coupled with a 5975C mass spectrometer detector (GC–MS, Agilent Technologies, USA) equipped with DB-5 column
(30 m × 0.25 mm, 0.25 μm ﬁlm thickness). The detailed pretreatment
and analysis steps are described in SI.
2.9.2. Dye decolorization assays
Dye decolorizing capability of spore laccase from GZB was assessed
using different synthetic dyes, with and without the mediators ABTS
and syringaldehyde (SGA). Table S1 lists the dye concentrations used
in this experiment, as well as their measurable maximum wavelengths
(λmax). Detailed reaction assays are described in SI.

2.7. Expression of laccase gene

2.10. Acute toxicity assay

After corroborating the laccase gene sequence in the recombinant
pMD™19-T vector, the laccase gene containing vector was digested
using NdeI and EcoRI and ligated into the corresponding sites of the
pET30a (+) vector, which was initially digested with the same restriction enzymes. The ligated mixture was then transformed into protein
expression strain E. coli BL21 (DE3). The protein expression was maintained in semi-anaerobic conditions at low temperature. The detailed
procedure is included in the SI.

The acute toxicity of BPA/BPA intermediates created by laccase was
tested using a luminescence bacterium Photobacterium phosphoreum,
using a slightly modiﬁed version of the method described in reference
(Wang et al., 2016). Luminescent bacteria cultivation and the toxicity
assessment are described in SI. All bioassays were conducted in triplicate. Luminescent intensity was measured using a photodetector
(Model DXY-3, China).
3. Results and discussion

2.8. SDS-PAGE and activity staining assays of laccase
3.1. Sequence and structure analyses of spore laccase from Bacillus sp. GZB
SDS-PAGE was performed to determine protein purity and the exact
molecular weight of laccase derived from strain GZB. It was examined
under complete denaturing conditions using 12% SDS-PAGE. The gel
was stained with Coomassie Brilliant Blue R-250 and subsequently destined with a mixture of methanol: acetic acid: distilled water (4:1:5) solution. The protein samples were heated at 100 °C for 5 min in the
presence of SDS containing a 2× protein loading buffer. The puriﬁed
laccase was also applied in the gel without the heat treatment step.
For the activity staining analysis, the samples were added with a
nonreducing loading buffer (containing SDS, but not dithiothreitol
(DTT) or β-mercaptoethanol) and loaded in the gel without a boiling
step. After electrophoresis, the gel was cut into two pieces and washed
twice with 0.1 M of McIlvaine buffer containing 1% (v/v) Triton X-100 at
pH 3.0 (for ABTS) and 6.8 (for SGZ). This washing was completed individually for 10 min each to remove the SDS (Yang et al., 2014). Then,
the gels were immersed in a 15 mL fresh 0.1 M of McIlvaine buffer, supplemented with 0.1 mM of ABTS or SGZ as the substrates. Laccase activity on the gel was directly visualized by the formation of a color band.
Both gels were characterized using standard molecular weight prestain protein marker (180–40 kDa).
2.9. BPA degradation and dye decolorization assays by spore laccase
2.9.1. BPA degradation
The enzymatic degradation of BPA (10 mg L−1) was conducted in a
conical ﬂask (100 mL) using 0.1 M McIlvaine buffer (pH 6.8). Four different experimental sets were maintained in a 20 mL reaction buffer, containing 2 mL of spore suspension or heat-treated spore suspension
(approximately 8.34 mg mL−1; wet basis). Similarly, for recombinant
laccase, the reactions were conducted in a 50 mL amber vial containing
20 mL of 0.1 M McIlvaine buffer (pH 6.8), supplemented with BPA
(10 mg L−1) and 0.2 mL puriﬁed recombinant laccase (367.74
μg mL−1). Abiotic control was maintained without additional spore suspension or puriﬁed recombinant laccase. All reaction mixtures were incubated on a horizontal shaker at 150 rpm and 50 °C. At selected time
intervals, 0.5 mL aliquots of the reaction solution were sampled and ﬁltered through a 0.22 μM polytetraﬂuoroethylene membrane. BPA concentrations were measured using high-performance liquid chromatography

A spore laccase from CotA of Bacillus sp. GZB was ﬁrst investigated.
CotA is a spore-associated protein which is expressed under conditions
of elevated stress (Baril et al., 2012). The CotA from Bacillus subtilis has
been widely studied as a multicopper oxidase, and is identiﬁed as
laccase (Hullo et al., 2001). The spore cells of GZB were grown in NSM
broth using heat-treated cells and puriﬁed using a sequence of chemical
treatment steps. Fig. 1 shows the structure of the puriﬁed spore cells
from GZB. The cotA gene encoded laccase, with a PCR ampliﬁed fragment size of 1.5 kb (Fig. S1a), was cloned and sequenced for further conﬁrmation (Fig. S1b). The sequence analysis of cotA in GZB resulted in a
1539 bp, which encoded a protein of 513 amino acids. Phylogenetic
analysis of laccase gene from Bacillus sp. GZB is illustrated in Fig. S2.
The laccase gene sequence of GZB was submitted to the DDBJ/EMBL/
GenBank under the accession no. KX777662.
The amino acid sequence alignment with other multi-copper oxidases was found to be unique when compared to four conserved
histidine-rich copper-binding motifs (Fig. S3). The strictly conserved
copper-binding motifs within the amino acid sequence of laccase from
GZB were: Cu I (HLHG), Cu II (HDH), Cu III (HPIHLH), and Cu IV
(HCHILEH). These are identical to other typical fungal and bacterial
laccases. The copper sites were recognized as Type-1 (T1) or blue copper center, Type-2 (T2) or normal copper, and Type-3 (T3) or coupled
binuclear copper centers (Dwivedi et al., 2011).
Using crystal structure of CotA from Bacillus subtilis (PDB ID:
1GSK_A) as a template, 3D homology protein structure was constructed
for CotA from GZB. As Fig. S4 shows, four copper ions are distributed on
the histidine-rich motifs. These include the T1 copper center (M502,
H419, C492, H497, I494), T2 copper center (H105, H107, G108, G109,
H422, H424, L425), and T3 copper center (H105, H107, W151, H153,
H155, H422, H424, H491, H493). There was a 77.25% similarity in the sequence identity of CotA from GZB with Bacillus subtilis (1GSK_A). The
copper atoms and copper-binding motifs are present in the active centers; their interaction beneﬁts the structural stability of laccase
(Shraddha et al., 2011).
Further analyses revealed that the conserved histidine and cysteine
residues are present in the copper centers of CotA. The coordination of
these residues with copper atoms play a vital role supporting the
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Fig. 1. SEM images of spore cells of Bacillus sp. GZB. (a) at 30000× magniﬁcation with insert vegetative forms of GZB cells; (b) at 80000× magniﬁcation.

from these optimal levels directly affect laccase activity (Fig. 2a). Furthermore, different substrates were tested while holding the pH at optimal levels; this was done to investigate the pH stability of laccase. As
Fig. 2b shows, laccase was stable at acidic to neutral pH conditions,
and maintained relatively high activity levels after 5 days of incubation
at 25 °C. It maintained up to 128.41 ± 1.36% and 149.41 ± 8.31% of initial laccase activity at pH = 3.0 and pH = 6.8, respectively. In contrast,
only 79.59 ± 2.57% of the activity was maintained at pH = 7.2. This indicates that the laccase from GZB was unstable at alkaline pH conditions. This is due to the rich production of hydroxide ions in the
reaction, which interferes with electron transfers between copper centers and substrate (Afreen et al., 2017).
Similar pH activity proﬁles were found on the spore laccase derived
from Bacillus subtilis WD23 and Bacillus pumilus W3 (Wang et al., 2011;
Zhou et al., 2017). The variations in laccase activity and stability with
changes in pH were driven mainly by the substrates, available oxygen,
and the primary source of enzymes (Dwivedi et al., 2011). More importantly, the differences in the redox potential between substrate and

catalytic functions of the laccase. The oxidation of organic or inorganic
compounds depends on these sites, because substrate ﬁrst binds at
the T1 site and the electrons are transferred from T1 to T2/T3 copper
centers. As a result, the substance receives an oxidized form of the substrate and subsequently reduces the O2 to H2O (Ihssen et al., 2015; Yang
et al., 2014).
3.2. Characterization of spore laccase from Bacillus sp. GZB
The physiochemical properties of laccase are also trusted on these
sites; this was observed when tested in the presence of different physical and chemical parameters.
3.2.1. Effects of pH, temperature and organic solvents on spore laccase activity and stability
The spore laccase from GZB displayed optimum activity with respect
to ABTS and SGZ oxidation at pH values 3.0 and 6.8. The optimum pH for
DMP oxidation was slightly higher (at pH 7.2); any further change of pH
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Fig. 2. Effects of pH and temperatures on activity and stability of spore laccase from Bacillus sp. GZB. (a) Effect of pH on spore laccase activity with ABTS, pH 2.0–6.0; SGZ, pH 6.0–8.0; DMP,
pH 6.0–8.0 as substrates. (b) Effect of pH on spore laccase stability, ABTS at pH 3.0; SGZ at pH 6.8; DMP at pH 7.2. (c) Effect of temperature on spore laccase activity with ABTS, pH 3.0; SGZ,
pH 6.8; DMP, pH 7.2 at different temperatures (20–90 °C). (d) Spore laccase stability was measured at different temperatures (50–80 °C) using ABTS (pH 3.0) as a substrate for 0–8 h of
incubation.
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enzyme were also directly inﬂuenced by pH activity (Xu, 1997). For the
phenolic substrates, the optimal pH ranged from 3.0 to 7.0, for both bacterial and fungal laccases (Dwivedi et al., 2011). In this study, spore
laccase showed relative high activity and stability at pH values ranging
from 2.0–8.0. This could make it suitable for different industrial applications, including bio-pulping and textile efﬂuent treatments (Shraddha
et al., 2011).
The behavior of spore laccase from GZB was also investigated at different temperatures at the optimal pH value. The highest activity was
seen at 70 °C with DMP; the highest activity was seen at 60 °C with
ABTS or SGZ as the substrate. Temperature changes from the optimal
levels led to decreased enzyme activities (Fig. 2c). The temperature stability of laccase was assessed at 50–80 °C for 0–8 h. The spore laccase
was very stable and retained 86.88 ± 1.69% of residual activity at 50
°C, whereas 48.33 ± 1.26% and 29.15 ± 2.43% at 60 °C and 70 °C, respectively, after 8 h of incubation (Fig. 2d). Laccase stability decreased significantly when the temperature increased up to 80 °C, with only 7.96 ±
1.73% of residual activity observed after 8 h of incubation.
These results exhibited higher thermal activity and stability than
many others reported laccases from Bacillus licheniformis, Bacillus sp.
ADR, and Bacillus amyloliquefaciens 12B (Koschorreck et al., 2008;
Lončar et al., 2013). The excellent laccase activity at high temperatures
may be due to the thermal activation of laccase by changing the protein
structure, which is entropically favored at a higher temperature
(Brander et al., 2014). In contrast, reduced laccase activity may be
caused by the structural deformation of the protein molecule through
damage to different internal bonds. More signiﬁcantly, the interactions
between the copper ions on copper centers and the salt bridges, along
with hydrogen bonding networks in protein structure, can inﬂuence
thermal activity and stability (Hilden et al., 2009). The extreme robustness in accordance with temperature and pH stability of laccase from
GZB is due to the spore inert structure of cells. This structure may
serve as an immobilizing matrix for the enzyme. This enables its application as a natural biocatalyst for different industrial and environmental
remediation processes.
Laccase activity and stability were further evaluated in the presence
of individual water-miscible organic solvents at ﬁnal concentrations of
10, 20, and 50% (v/v) at 25 °C for 4 h of incubation. As Table S2 shows,
laccase from GZB maintained good stability during these reactions,
maintaining 90.18 ± 1.31% and 98.03 ± 3.04% of activity at 10% concentrations of ethanol and methanol, respectively. In contrast, 84.79 ±
1.78% of the initial activity was retained with a 10% concentration of
acetone. The laccase was quite resistant towards dimethylformamide,
acetonitrile and dimethyl sulfoxide (DMSO) at 10% concentrations.
However, the solvents exerted a strong inhibitive effect when the concentration increased up to 50%.
The effects of organic solvents were previously noted in separate
studies on spore laccase from Bacillus licheniformis LS04 and Bacillus
pumilus W3 (Lu et al., 2012; Zhou et al., 2017). The instability of
laccase when exposed to organic solvents may be due to structural
deformation as a result of the hydrophobic effects of the organic
solvent, or by the replacement of water molecules with organic solvent at the active sites of the enzyme (Jia et al., 2014). Generally,
CotA of Bacillus subtilis showed stability against organic solvents
due to its spore coat, which might be alleviated by the viability
and the protein folding problems followed by intact of the protein
structure (Kim and Schumann, 2009). Therefore, laccase stability
when exposed to organic solvents is needed to facilitate the practical application of laccase to treat wastewater from textile and
leather industries, because these wastes contain high organic solvent concentrations (Correia et al., 1994). Moreover, it has also
been reported that some lignolytic enzymes, such as manganese
peroxidase, lignin peroxidase, and laccase, actively work to oxidize
hydrophobic phenolic compounds such as 2,4-dichlorophenol,
2,4,6-trichlorophenol, and BPA when exposed to organic solvents
(Husain and Qayyum, 2013).

3.2.2. Effects of metal ions and enzyme inhibitors on spore laccase
The effects of different metal ions on laccase activity were also measured under standard conditions. As Table S3 shows, laccase was relatively stable in presence of most tested metal ions, except that some
metal ions, such as Cu2+, Mg2+, and Na+, were able to signiﬁcantly inﬂate laccase activity, when their concentrations increased from 1 to
5 mM. Similarly, Zn2+ also slightly enhanced laccase activity at 1 mM
compared to the control. In contrast, Fe2+ strongly inhibited the enzymatic reaction at concentrations of 1 and 5 mM. A similar outcome
was previously reported when studying laccase from Ganoderma
lucidum, because Fe2+ intensely interfered with the electron transport
system of laccase (Murugesan et al., 2009). In addition, it has been hypothesized that the catalytic function of laccase depends on the distribution of Cu atoms at three different copper centers of the enzyme
(Shraddha et al., 2011). Thus, the positive effect of Cu2+ on laccase
caused by ﬁlling of Cu2+ at the copper binding sites that directly inﬂated
the laccase activity. However, the inhibition of laccase by some other
metal ions was mainly by chelating of Cu (II) atoms or by structural alteration through the modiﬁcation of amino acid residues in the protein
(Gianfreda et al., 1999). The positive inﬂuence of metal ions on laccase
activity can ﬂourish their application for different industrial wastes
treatment, especially in metal-contaminated environments.
Furthermore, spore laccase activity was also examined in the presence of some typical laccase inhibitors. As Table S4 shows, laccase tolerated 0.5 mM of EDTA and 0.1 mM of SDS. However, further increasing
concentrations inhibited laccase activity, because EDTA chelated copper
atoms presence in the laccase, whereas SDS (as a detergent) denatured
the proteins (Johannes and Majcherczyk, 2000; Siroosi et al., 2016). In
contrast, very low amount NaN3 could strongly inhibit laccase activity.
This may be due to the binding afﬁnity of N−
3 to the ion sites of the
laccase-trinuclear copper center, and the inhibition of electron transfers
in the reaction process (Dwivedi et al., 2011). Similarly, as strong reducing agents, L-cysteine and dithiothreitol inhibited laccase activity by reducing the oxidized substrate in their sulfhydryl groups (Johannes and
Majcherczyk, 2000).

3.3. Cloning, expression and biochemical assay of laccase
The dormant structure of the spore was slightly impacted when the
laccase was isolated from the spore cells. As such, the molecular and biochemical validation of laccase were performed through the cloning and
expression of laccase, followed by puriﬁcation and biochemical assay of
the expressed protein. For expression, laccase gene was ligated to
pET30a (+) expression vector and transformed into E. coli BL21
(Fig. S5a). A positive recombinant pET30a-lac plasmid was isolated
from E. coli BL21 (Fig. S5b). After puriﬁcation using a His-tagged Protein
Puriﬁcation Miniprep Kit, the yield of the soluble protein was approximately 77.85 mg L−1, as assessed by Bradford method. The puriﬁed
laccase showed a speciﬁc activity of 4.40 ± 0.08 U mg−1 with ABTS as
a substrate; this activity level was signiﬁcantly higher than the E. coliexpressed Lac591 (0.15 U mg−1) (Ye et al., 2010).
The expressed and puriﬁed laccase was further conducted using
SDS-PAGE to assess the size and the purity of the enzyme. The test identiﬁed a band of approximately 63 kDa when the puriﬁed protein was
heated at 100 °C for 5 min in a sample buffer containing DTT (Fig. 3a
and b). In contrast, the unheated puriﬁed laccase showed two distinct
bands, with molecular weights of approximately 40 and 63 kDa
(Fig. 3a). The presence of the 40 kDa protein fragment indicated the incomplete denaturation or partial unfolding of the protein structure, facilitating faster migration (Martins et al., 2002). Similar results were
observed in a study examining laccase from Bacillus licheniformis (Lu
et al., 2013). Additionally, some researchers have reported that the
laccases from both fungus and bacteria have in the range of 50–100 kDa
(Afreen et al., 2017; Hsu et al., 2012; Loncar et al., 2016; Martins et al.,
2002; Yang et al., 2014).
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Fig. 3. Electrophoretic analyses of the spore laccase, recombinant and expressed in E. coli BL21 (DE3) (a) SDS-PAGE was stained by Coomassie Brilliant Blue R-250. Lane 1: protein marker;
Lane 2: Cell lysate without heat denaturation; Lane 3: Puriﬁed laccase without heat denaturation (b) Lane 1: protein marker; Lane 2: Cell lysate was denatured at 100 °C for 5 min; Lane 3:
Puriﬁed laccase was denatured at 100 °C for 5 min. (c) Activity staining of the puriﬁed laccase in SDS-PAGE without heat treatment of enzyme. Lane 1: pre-stain protein marker; Lane 2:
puriﬁed laccase stained with 0.2 mM syringaldazine (d) Lane 1: pre-stain protein marker; Lane 2: puriﬁed laccase stained with 0.2 mM ABTS.

The puriﬁed laccase was further categorized by activity staining,
using SGZ or ABTS as the substrates. On the gel, a green colored band
emerged with the ABTS substrate; a pink colored band appeared with
the SGZ substrate (Fig. 3c and d). This method has also been used to
characterize the biochemical activity of laccases isolated from both bacteria and fungi (Hsu et al., 2012; Kandasamy et al., 2016; Lu et al., 2013).
3.4. BPA degradation by spore laccase
BPA degradation by the strain GZB has been previously characterized,
with the complete degradation of 10 mg L−1 BPA occurring after 100 h
(Li et al., 2012). In this study, the ability of laccase from GZB to degrade
phenolic compounds was ﬁrst tested using synthetic chemicals, including triphenylmethane (C19H16) and azo (congo red; C32H22N6Na2O6S2)
dyes. It was then further conﬁrmed that it degraded BPA (C15H16O2).
These toxic compounds are widely used in different industrial processes
and are released into the environments (Hsu et al., 2012). Here, we applied spore laccase for dye decolorization, using ﬁve synthetic dyes
with both triphenylmethane and azo groups. The laccase decolorized
all the tested dyes in the presence and absence of mediators (Table S5).
Detailed descriptions are presented in SI.
BPA degradation using the spore laccase from GZB was examined
using BPA (10 mg L−1) in 0.1 M McIlvaine buffer (pH 6.8) under the optimized conditions. As Fig. 4a shows, the degradation efﬁciency increased quickly within 4 h, and then grew much more slowly. The
faster BPA removal at the initial stage could be because of the high
laccase activity in the spore cells. Complete degradation was achieved
after 30 h. At that time, the residual laccase activity was 61.67 ±
1.44%. In addition, the BPA degradation efﬁciency was also measured
using a biotic control (heat-treated spore); the activity was 26.08 ±
3.19% after 30 h under identical conditions (Fig. 4a). This may be due
to the surface adsorption of the cells (Luo et al., 2017).
BPA degradation by the spore laccase was further afﬁrmed using the
recombinant laccase under identical experimental conditions (Fig. 4b).
The BPA degradation progressively increased, with 10 mg L−1 of BPA
being completely degraded within 14 h. Initially, 60.59 ± 5.92% of BPA
was removed within 2 h; more than 90% was degraded within 10 h.
The rapid degradation by recombinant laccase may be caused by the
presence of cell-free enzymes, with high activity and stability. The enzyme showed 54.98 ± 4.98% of the residual activity at the end of the reaction, indicating its stability during the process.

BPA degradation mechanisms by spore laccase from GZB were investigated by identifying intermediates. Nine peaks corresponding to degradation intermediates were characterized with or without N, O-bis
(trimethylsilyl)-triﬂuoroacetamide derivatization (Figs. S6 and S7).
Table S1 shows the intermediates associated with their retention time
and m/z ratio with fragmentation patterns. Two main intermediates,
benzoic acid and hydroquinone, were also conﬁrmed using their authentic standards (Fig. S8).
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Fig. 4. BPA degradation and residual enzyme activity of spore laccase and recombinant
laccase from GZB. (a) BPA degradation by spore laccase; (b) BPA degradation by
recombinant laccase. The experiments were done in triplicate and all the values are
average of three experiments. The error bars represent the standard deviation.
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The strain GZB is known for its potent ability to degrade BPA; the
degradation pathways produce several intermediates, such as 4hydroxybenzaldehyde, benzoic acid, 2-hydroxypropanoic acid, and 2methylbutanoic acid (Li et al., 2012). This study detected all four previously reported intermediates, along with 3-methylbutanoic acid, during
BPA degradation by laccase. The presence of these intermediates may indicate the oxidation of 4-hydroxybenzaldehyde to benzoic acid. There
may then be a direct cleavage on benzoic acid to form low molecular
weight products, such as 2-hydroxypropanoic acid, 2-methylbutanoic
acid, and 3-methylbutanoic acid. Phenol was also detected as an intermediate during BPA degradation by laccase. A previous study identiﬁed
the formation of phenol and 4-isopropenylphenol during BPA degradation by laccase from Trametes villosa (Fukuda et al., 2001). Three major
intermediates, including phenol, 4-isopropenylphenol, and 4-hydroxyisopropylphenol, were produced when BPA was degraded by the
immobilized laccase on silica nanoparticles (Galliker et al., 2010).
It had been hypothesized that laccase or ligninolytic enzymes could
aid in the polymerization of BPA, followed by formation of dimers and
oligomers through coupling reactions between C\\C or C\\O groups of
the phenolic residues, as well as further cleavage on the oligomers produced phenol, and 4-isopropenylphenol (Huang and Weber, 2005). This
study found no evidence of 4-isopropenylphenol formation; however,
hydroquinone formation may indicate that 4-isopropenylphenol is a
possible intermediate by BPA degradation. The benzyl alcohol detected
in this study was also found by other researchers (Gassara et al., 2013)
during BPA degradation by laccase; however, the exact mechanism for
the formation of benzyl alcohol was unknown. Most of the BPA degradation intermediates produced by spore laccase were also formed by recombinant laccase.
Based on the detected intermediates and the literature survey, BPA
degradation pathways by spore laccase can be described as following
two possible routes (Fig. 5). In route I, the degradation starts with the
oxidation of 4, 4′-dihydroxy-alpha-methylstilbene (an intermediate
from BPA) to 2,4-dihydroxy-3-methylacetophenone and benzaldehyde
derivatives. The presence of 2,4-dihydroxy-3-methylacetophenone
with a molecular ion (M+) at m/z 166 and major fragment ions at m/z
151, 134, and 119 highlight the formation of intermediate fragments

such as 2,4-dihydroxyacetophenone to 4-hydroxyacetophenone to 4hydroxybenzaldehyde, by eliminating the –CH3 or –OH group. In contrast, benzaldehyde, 2,4-dimethyl with an M+ at m/z 134 and fragment
ions at m/z 118 and 103 indicates the benzaldehyde formation. The
benzaldehyde derivative was further oxidized to benzoic acid, a main
intermediate of BPA formed by both spore and recombinant laccases. Finally, ring cleavage products of low molecular weighted organic acid
derivatives were produced.
BPA degradation products, such as 4-isoprophenylphenol and 4,4′dihydroxy-alpha-methylstilbene, were previously reported as laccasemediated BPA intermediates (Galliker et al., 2010), but not detected in
our study. However, 4-hydroxyacetophenone, benzaldehyde and hydroquinone may appear in the degradation reactions. In route II, 4isoprophenylphenol was directly converted to hydroquinone through
a •OH attack. Telke et al. (2009) reported that hydroquinone was an intermediate of BPA when degraded by laccase from Pseudomonas sp.
LBC1. Further oxidation of hydroquinone produced various organic
acids. This is the ﬁrst study examining the detailed degradation pathways of BPA by a spore laccase from GZB, although some intermediates
are not identiﬁed. Thus, further study is needed to identify the most
suitable intermediates appropriate for BPA degradation mechanisms
using spore laccase from GZB.
3.5. Toxicity test
Photobacterium phosphoreum was used to evaluate the evolution of
acute toxicity during BPA degradation by laccase. Fig. S9 shows that
the highest toxicity found in the presence of BPA (10 mg L−1), the reactions inhibited approximately 66.0% of luminescence of Photobacterium
phosphoreum. The toxicity was gradually decreased from 66.27 ± 0.17%
to 9.01 ± 0.05% and from 65.64 ± 1.60% to 10.19 ± 1.30% after 30 and
14 h of incubation using spore laccase and recombinant laccase, respectively. Unexpectedly, previous research found ﬁrst an increase and then
a decrease of the toxicity during BPA degradation by laccase (Erkurt,
2015). This research suggests that laccase, an oxidoreductase, can ultimately oxidize BPA into less toxic compounds. This is consistent with
the ﬁndings of the GC–MS analysis. In other words, at the end of the

Fig. 5. Proposed degradation pathways of BPA by spore laccase obtained from Bacillus sp. GZB. (Metabolites not identiﬁed in the reaction mixture are highlighted by pink dashed lines).
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biodegradation reactions by microorganisms or enzymes, most of the
detected intermediates were organic acids, which are less toxic to luminescent bacteria (Zhao et al., 2017). Examples included propanoic acid,
butanoic acid, and acetic acid. Overall, the toxicity assay indicated that
the laccase-catalyzed BPA degradation is highly effective in eliminating
the toxicity caused by BPA.
4. Conclusion
In this study, the strain Bacillus sp. GZB was used to produce an industrially important enzyme, laccase. Laccase is a spore-associated enzyme; it showed substrate speciﬁc pH activity and stability at
pH 2.0–8.0. The laccase also displayed high activity and stability at
60–80 °C and was stable in the presence of many organic solvents. The
laccase was strongly resistant to some enzyme inhibitors and tolerated
many metal ions, increasing its attractiveness for industrial applications.
The laccase was also expressed and puriﬁed from E. coli with a molecular mass of approximately 63 kDa protein fragment. It could decolorize
different dyes and degrade BPA. Furthermore, a BPA degradation mechanism was proposed based on the detected intermediates. Acute toxicity assay indicated that the laccase could detoxify BPA toxicity. High
activity and stability offered by laccase from Bacillus sp. GZB highlights
its potential as a promising biocatalyst for application and commercialization for a range of different industrial and biotechnological processes.
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