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Abstract Laccases are green oxidases with a number of po-
tential industrial applications. In this study, recombinant
Bacillus subtilis CotA laccase was secreted by Escherichia
coli via both the &x-hemolysin secretion system and the YebF
secretion system after microaerobic induction. Meanwhile, we
discovered a much simpler approach for extracellular produc-
tion of recombinant CotA laccase from E. coli, involving al-
ternation of induction conditions to release recombinant CotA
following intracellular expression. By optimizing the induc-
tion parameters, the extracellular yield of recombinant CotA
laccase was improved from 157.4 to 2401.3 U/L after 24 h
of induction. This strategy could be suitable for large-scale
production of CotA laccase for industrial use. Recombinant
CotA laccase was purified by Ni** affinity chromatography in
a single step and showed similar biochemical properties to
wild-type laccase. Purified as well as crude recombinant
CotA laccase efficiently decolorized seven structurally differ-
ent dyes. The decolorization capability of recombinant CotA
laccase under harsh conditions was investigated by incubation
of the enzyme with a simulated textile effluent (STE) with pH
11.6, 3.5 % salinity and peak absorbance of 10.42.
Recombinant CotA laccase efficiently decolorized 77.0 % of
STE after 48 h reaction, demonstrating the potential of this
enzyme for industrial dye effluent treatment.
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Introduction

Laccases (benzenediol:oxygen oxidoreductases; EC
1.10.3.2) which belong to the multi-copper oxidase (MCO)
group, have received considerable attention since their dis-
covery because of their broad substrate specificity and great
biotechnological potential in green chemistry (Pezzella et al.
2015). Laccases contain a type 1 mononuclear copper center
and a trinuclear copper cluster which includes two type 3
copper centers and one type 2 copper center. The copper
centers mediate four single-electron oxidations of substrate,
with concomitant reduction of oxygen to water (Enguita
et al. 2004). Past century has witnessed significant progress
in the discovery of laccases with applications in diverse
industrial fields (Pezzella et al. 2015). In recent years, novel
laccases with robust properties are being constantly discov-
ered to expand the applications of laccases in industrial
fields that require harsh treatment condition (Ausec et al.
2015; Hildén et al. 2009; Uthandi et al. 2012). Bacillus
spore coat protein (CotA) was reported to show high activity
and stability under elevated temperature, alkaline pH and in
the presence of metal ions (Guan et al. 2014; Lu et al. 2012;
Sondhi et al. 2014). To date, CotA laccases have been ap-
plied in dye decolorization (Brissos et al. 2009; Loncara
et al. 2013; Pereira et al. 2009), degradation of insecticides
(Ulenik et al. 2013), bioethanol production from lignocellu-
loses (Chang et al. 2014; Furtado et al. 2013), surface
functionalization (Kudanga et al. 2009), and biofuel cell ap-
plications (Beneyton et al. 2013), positioning them as out-
standing industrial enzymes. However, commercial
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preparation of laccases from native sources is complicated
by the spore-bound nature of CotA protein (Martins et al.
2002), as well as the low level of enzyme expression.

To solve the problem, current research has focused on the
production of CotA laccase by genetic engineering.
Escherichia coli is the first-choice host for CotA laccase ex-
pression because it contains the conditions for prokaryotic
post-translational modification and has a high growth rate
and straightforward scalability in a simple, inexpensive cul-
ture medium (Rosano and Ceccarelli 2014). Till now, CotA
laccases from different Bacillus species have been successful-
ly expressed in the cytoplasm of E. coli (Beneyton et al.
2014; Brander et al. 2014; Thssen et al. 2015). However, this
expression pattern often results in the formation of inclusion
bodies (Martins et al. 2002), although emerging strategies are
developed by researchers to overcome the phenomenon
(Fang et al. 2014; Mohammadian et al. 2010; Mollania
et al. 2013). Besides, cell disruption is required to release
the target protein, which decreases the yield (Mergulhdo
et al. 2005). By contrast, extracellular expression has the ad-
vantage of simplifying the purification process, reducing the
formation of inclusion bodies and increasing the stability of
active proteins (Ni and Chen 2009). However, no extracellu-
lar production of recombinant CotA protein in E. coli has
been reported up to date.

In this study, two secretion systems were applied to achieve
the secretion of recombinant CotA into the culture medium.
The uropathogenic E. coli «x-hemolysin (HlyA) secretion sys-
tem is the most widely used secretion system for recombinant
protein production (Ni and Chen 2009). Three components,
HlyB (an ATP-binding cassette [ABC] protein), HlyD (a
membrane fusion protein), and TolC (an outer membrane pro-
tein), together form a translocator that spans the cell envelope.
The C-terminal secretion signal located at the C-terminal 50—
60 amino acids of substrate HlyA (HlyAs) is responsible for
activating the translocator, leading to the direct translocation
of cytoplasmic HIyA into the extracellular medium in one step
(Kanonenberg et al. 2013). The two-step YebF secretion sys-
tem was discovered in commonly used laboratory strains of
E. coli (Zhang et al. 2006). The 13 kDa YebF protein, via its
Sec-leader sequence, is translocated into the periplasm
through the Sec pathway and cleaved to a 10.8 kDa mature
form, which is then translocated across the outer membrane in
a process that involves OmpF and OmpC (Prehna et al. 2012).
We successfully achieved extracellular production of Bacillus
subtilis CotA from E. coli via both of these secretion systems,
but we also found a much simpler approach for the extracel-
lular production of CotA laccase by altering the induction
conditions to release recombinant CotA laccase intracellularly
expressed by E. coli. The enzyme production process was
optimized. Recombinant CotA laccase was purified and char-
acterized. The effect of recombinant laccase on dye decolori-
zation was investigated.
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Materials and methods
Strains, plasmids, and reagents

The strains, plasmids, and genomic DNA used in this study
are shown in Table 1. The sequence of the CotA gene from
LS02 has been previously deposited in GenBank
(Accession No. GU972587). Oligonucleotide primers used
in this study are listed in Supplementary Table SI.
TransStart FastPfu DNA Polymerase, ANTP, DMT enzyme,
T4 DNA ligase, and Blue Plus™ Protein Marker (14—
100 kDa) were all from TransGen Biotech (Beijing,
China). Restriction enzymes were supplied by Takara
(Dalian, China). BugBuster Protein Extraction Reagent
was obtained from Novagen, Merck Millipore (Billerica,
MA, USA). DNA manipulation kits were supplied by
Omega (Norcross, GA, USA). 2,2'-Azino-bis(3-ethylbenzo-
thiazoline-6-sulfonate) (ABTS), 2,6-dimethoxyphenol (2,6-
DMP), N,N'-bis(3,5-dimethoxy-4-hydroxybenzylidene hy-
drazine) (syringaldazine), and 3’,5'-dimethoxy-4'-
hydroxyacetophenone (acetosyringone) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). HisTrap HP
affinity columns were from GE Healthcare (Piscataway,
NJ, USA). Polyvinylidene difluoride (PVDF) membrane
(0.45 pum) was from Millipore (Bedford, MA, USA).
Anti-six-histidine (His6) mouse IgG was from Abgent
(San Diego, CA, USA). Horseradish peroxidase (HRP)-la-
beled goat anti-mouse IgG (H+L) was from ZSGB-BIO
(Beijing, China). Nonfat dry milk and SuperEnhanced
chemiluminescence detection reagents were from
Applygen Technologies (Beijing, China). BioMax MR film
was purchased from Kodak (Rochester, NY, USA). Other
reagents were of analytical grade.

Construction of engineered strains

Construction of the recombinant expression systems is de-
tailed in the Supplementary Material. Recombinant vector
construction diagrams are shown in Supplementary Figs. S1,
S2, and S3. Recombinant plasmids were confirmed by DNA
sequencing before further use. Expression vectors pET/CotA-
HlyAs and pACYC1/HlyBD were simultaneously transferred
into E. coli BL21 (DE3) to generate expression strain PSABD.
The strain PCD carrying vector pET-20b(+) and pACYC-
Deut-1 was used as the control for PSABD. Recombinant
plasmid pYebFT7/CotA-His6 was transferred into E. coli
BL21 (DE3) to generate expression strain YSD. The strain
YD carrying vector pYebFH6/T7 was used as the control for
YSD. Expression vector pET/CotA-His6 was transferred into
E. coli BL21 (DE3) to generate expression strain PSD. The
strain PD carrying vector pET-20b(+) was used as the control
for PSD.
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Table 1  Bacterial strains, plasmids, and genomic DNA used in this study

Strain/genomic DNA/plasmid

Relevant genotype or description

Source or reference

Strain
B. subtilis 1L.S02 Wild type
E. coli Top 10 Host cell for cloning vector
E. coli BL21(DE3) Host cell for expression vector
E. coli DMT Host cell for site-directed mutagenesis
E. coli PSABD E. coli BL21(DE3) containing pET/CotA-HlyAs
and pACYC1/HlyBD
E. coli PCD E. coli BL21(DE3) containing pET-20b(+) and
pACYC-Deut-1
E. coli PSD E. coli BL21(DE3) containing pET/CotA-His6
E. coli PD E. coli BL21(DE3) containing pET-20b(+)
E. coli YSD E. coli BL21(DE3) containing pYebFT7/CotA-His6
E. coliYD E. coli BL21(DE3) containing pYebFH6/T7
DNA
DNA 700928D-5 Genomic DNA of uropathogenic E. coli CFT073
Plasmid

pEASY-Blunt cloning vector

Amp'", Kan', cloning vector

pZeroBack/Blunt vector Amp', cloning vector

pET-20b(+) Amp', expression vector

pACYC-Deut-1 Cm', expression vector

pYebFH6/T7 Amp', pT7-5 derivative in which the EcoRI-HindlIl
fragment was replaced by a insert containing
YebF coding sequence fused with 6x his tag

pEASY/CotA Amp', Ndel-BamHI fragment of CotA cloned into
pEASY-Blunt cloning vector

pEASY/CotAm Amp', pEASY-Blunt cloning vector carrying site-
directed mutant CotA (t927¢)

pEASY/HlyAs Amp', BamHI-Xhol fragment of EK-HlyAs fusion
gene cloned into pEASY-Blunt cloning vector

pEASY/HlyAsm Amp’, pEASY-Blunt cloning vector carrying site-
directed mutant HlyAs (al44g)

pZeroback/HlyBD Amp", Neol-Sacl fragment of hlyB and hlyD cloned
into pZeroBack/Blunt vector

pEASY/CotA2 Amp', Xhol-Xhol fragment of Ek—CotA fusion gene

pET/CotA-His6
pET/CotA-HlyAs
pACYCI1/HlyBD

pYebFT7/CotA-His6

cloned into pEASY-Blunt cloning vector

Amp’, CotA cloned between Ndel-BamHI sites of
pET-20b(+) , in frame with the C-terminal his tag

Amp',CotA-HIyAs fusion gene cloned between
Ndel- Xhol sites of pET-20b(+)

Cm', hlyB and hlyD cloned between Ncol-Sacl sites
of pACYC-Deut-1

Amp', Xhol-Xhol fragment of Ek—CotA fusion gene
inserted into Xhol site of pYebFH6/T7

CGMCC No. 4261

Tiangen (Beijing, China)

Tiangen (Beijing, China)
TransGen Biotech (Beijing, China)
This work

This work

This work
This work
This work
This work

ATCC

TransGen Biotech (Beijing, China)

Tiangen (Beijing, China)

Novagen Merck Millipore (Billerica, MA, USA)
Novagen Merck Millipore (Billerica, MA, USA)
(Zhang et al. 2006)

This work
This work
This work
This work
This work
This work
This work
This work
This work

This work

CGMCC China General Microbiological Culture Collection Center, ATCC American Type Culture Collection, £K enterokinase site

Expression of recombinant CotA laccase in E. coli

Single colonies of each engineered strain were inoculated into
5 mL Luria-Bertani (LB) medium supplemented with 50 mg/
L ampicillin in a 50-mL flask and grown overnight at 37 °C,
180 rpm. Overnight culture (50 nL) was inoculated into 5 mL
fresh LB medium supplemented with antibiotics in 50-mL
flasks and incubated at 30 °C, 180 rpm. At ODggp = 0.8,

0.1 mM isopropyl-B-D-thiogalactoside (IPTG) and 0.1 mM
CuSO, were added to the medium. The culture was induced
at 25 °C (aerobic culture temperature), 120 rpm, for 4 h. Then,
microaerobic induction was achieved by cessation of shaking
(0 rpm) and incubation at 30 °C (microaerobic culture tem-
perature) for a further 20 h.

The effects of five culture parameters (induction tempera-
ture, induction point, inducer concentration, copper

@ Springer



688

Appl Microbiol Biotechnol (2017) 101:685-696

concentration, and shake flask volume) on the extracellular
production of recombinant CotA laccase by the PSD strain
were investigated after induction for 24 h.

Cell fractionation

After induction, 1 mL of culture medium was centrifuged at
15,000xg for 10 min. The supernatant was collected as the
extracellular fraction. The cell pellet was disrupted with
BugBuster Protein Extraction Reagent, the cell extract was
centrifuged at 15,000xg for 10 min, and the supernatant was
saved as the cytoplasmic fraction. Each fractionated sample
was assayed for enzymatic activity or precipitated with tri-
chloroacetic acid (TCA) prior to SDS-PAGE analysis.

Laccase activity assay

Agar plate assay was performed to test the activity of extra-
cellular laccase expressed by the PSD strain. Freshly trans-
formed colonies (PSD and PD) were spotted onto LB agar
plates containing 50 mg/L ampicillin, 0.5 mM ABTS,
0.2 mM CuSQO,, and 0.1 mM IPTG and incubated at 30 °C
for 2 days to detect reaction zones. The recombinant Pichia
pastoris SMD1168H—CotA strain (Wang et al. 2015) that can
secrete recombinant CotA laccase was used as a positive con-
trol strain. Single colonies of SMD1168H—CotA were grown
on the LB agar plate containing 50 mg/L zeocin, 0.5 mM
ABTS, and 0.2 mM CuSO, and incubated at 30 °C for 5 days,
and methanol (100 pL per 20 mL plate) was supplemented on
the plate covers every 24 h.

Laccase activity was determined using syringaldazine as
substrate, as previously described (Lu et al. 2012). One unit
of enzyme activity was defined as the amount of enzyme
required to oxidize 1 pwmol substrate per minute. All assays
were performed in triplicate.

SDS-PAGE and western blot analysis

Proteins were analyzed by SDS-PAGE (12 % separation gel
and 5 % stacking gel); the gel was stained with Coomassie
Brilliant Blue R-250 (Solarbio, Beijing, China). For western
blot analysis, protein samples were transferred onto PVDF
membranes with a Mini Trans-Blot cell (Bio-Rad,
Richmond, CA, USA). Immunoblots were blocked in 5 %
(w/v) nonfat milk in TBST buffer (20 mM Tris—HCI [pH
7.6], 150 mM NaCl, 0.1 % [v/v] Tween-20) overnight at
4 °C. The membranes were washed with TBST and incubated
with anti-His6 mouse IgG (1:1000 dilution) for 1 h.
Afterwards, the membranes were washed and incubated with
the HRP-labeled goat anti-mouse IgG (H+L) (1:5000 dilution)
for 40 min. Immunoblots were developed by SuperEnhanced
chemiluminescence detection reagents.
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Purification of recombinant CotA laccase

The PSD strain was induced under optimized induction con-
ditions. After induction for 24 h, the culture broth was cen-
trifuged at 8000xg for 15 min at 4 °C. The supernatant was
filtered through a 0.45-um filter to remove any cell debris.
Supernatant samples were dialyzed with dialysis tubing
(Solarbio, Beijing, China; MWCO 14,000-18,000 kDa). To
optimize the purification conditions, aliquots of dialyzed su-
pernatant were loaded onto a 1-mL HisTrap HP affinity col-
umn. After column equilibration, target protein was eluted by
imidazole at different concentrations according to the proto-
col (GE Healthcare). The fractions were pooled and analyzed
by SDS-PAGE. After the optimal imidazole concentration
was selected, purification was scaled up to a 5-mL HisTrap
HP affinity column. The elution fractions were desalted by
dialysis against 20 mM sodium phosphate (pH 7.4) to remove
Ni** and NaCl. The purified protein was analyzed by SDS-
PAGE and MALDI-TOF MS as described previously (Wang
et al. 2015).

Decolorization of single synthetic dyes by recombinant
CotA laccase

The decolorization ability of recombinant CotA laccase was
tested on seven synthetic dyes, representing four kinds of
commercial dyes. Basic information and working concentra-
tions of the synthetic dyes are shown in supplementary
Table S2. The reaction system contained 20 U/L purified or
crude recombinant CotA laccase from culture supernatant,
0.1 mM acetosyringone (laccase mediator), synthetic dye,
and 0.1 M citrate—phosphate buffer (pH 7.0). Each 50-mL
shake flask containing 5 mL of reaction solution was incubat-
ed at 40 °C, 120 rpm. The samples were withdrawn at differ-
ent time intervals (1, 2, 4, 6, 8, 10, and 24 h) and analyzed for
dye removal. All reactions were carried out in triplicate.

Decolorization of STE by recombinant CotA laccase

The effect of recombinant CotA laccase on STE was also inves-
tigated. The composition of STE was devised following the in-
structions of the manufacturer Bezema AG (Montlingen,
Switzerland) for reactive dyes (Mohorci¢ et al. 2006;
Rodriguez-Couto 2012). The STE consisted of 0.5 g/L
Reactive Black 5, 0.2 g/ Remazol Brilliant Blue R, 30 g/LL
NaCl, 5 g/L Na,COs, and 1.5 ml/L of 32.5 % (w/v) NaOH in
deionized water. A 20x stock solution of STE was prepared. A
10-mL reaction including 100 U/L purified or crude recombinant
CotA laccase, 500 pL STE stock solution, 0.1 mM
acetosyringone, deionized water, or 0.1 M citrate—phosphate
buffer (pH 7.0) was incubated at 40 °C, 120 rpm. The decolor-
ization was measured at different time intervals (24 and 48 h).
The maximum wavelength of the effluent sample was scanned
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using UV—Vis Spectrophotometer (Lambda 750, PerkinElmer,
Santa Clara, CA, USA). Another experiment was performed to
investigate the effect of pH on decolorization rate of STE. A
10-mL reaction included 50 U/L purified or crude recombinant
CotA laccase, 500 pL STE stock solution, 0.1 mM
acetosyringone, 0.1 M citrate—phosphate buffer (pH 7.0), or
0.1 M Tris—HCI buffer (pH 9.0) was incubated at 40 °C, 120
rpm. The decolorization was measured at different time intervals
(1,2,4,6,8, 10, 12, and 24 h). All reactions were performed in
triplicate.

Results

Extracellular production of recombinant CotA laccase
in E. coli

After induction for 24 h, the secretion efficiencies of the
PSABD strain (with the «-hemolysin secretion system) and
the YSD strain (with the YebF secretion system) were 79 and
29 %, respectively (Table 2). The secretion level of YebF was
compared before and after fusion with passenger protein CotA
laccase. Western blot result (Fig. S4a, Supplementary
Material) indicated that the extracellular fusion protein
YebF-CotA—His6 secretion by YSD was lower than the
YebF-His6 secretion by YD. Notably, 77 % of recombinant
CotA laccase expressed by PSD was found in the culture
supernatant without the mediation of any secretion element.
The extracellular laccase activity of PSD was 157.4 U/L,
which was 5- and 78-fold higher than that of PSABD and
YSD, respectively. Western blotting indicated that CotA—
His6 protein was present in the culture supernatant of the
PSD strain (Fig S4b, Supplementary Material). Single colo-
nies of the recombinant strains were cultured on an LB detec-
tion plate. Purple reaction zones were seen around the colonies
of the PSD strain after 2 days (Fig. 1a), while no reaction
zones were seen around the control strain PD (Fig. 1b), which
indicated that CotA laccase was released extracellularly by the
PSD strain. Normally, the products of ABTS oxidized by
laccases are green. The purple by-product was probably

related to the particular chemical composition of the detection
medium (Solis-Oba et al. 2005). Growth of P. pastoris
SMD1168-CotA cells as a control strain on the same detec-
tion agar also yielded purple reaction zones (Fig. 1c). The
phenomenon has been observed previously (Hu et al. 2007).

Optimization of induction conditions

Five culture factors including induction temperature, copper
ion concentration, inducer concentration, induction point, and
shake flask volume were selected to test their effects on extra-
cellular production of recombinant CotA laccase by the PSD
strain. As the induction process contains two phases (aerobic
and microaerobic induction phases), the PSD strain was in-
duced at different aerobic culture temperatures (20, 25, or
30 °C), randomly combined with different microaerobic cul-
ture temperatures (15, 20, 25, 30, or 37 °C). Maximum extra-
cellular laccase (167.2 U/L) was detected in the supernatant
culture when aerobic culture temperature and microaerobic
culture temperature were 25 and 30 °C, respectively
(Fig. 2a). Induction temperature >37 or <20 °C caused a re-
duction in extracellular laccase activity (Fig. 2b).

The level of copper ions had a considerable effect on active
laccase expression and extracellular laccase production. No
extracellular laccase was detected in the control group (no
copper ions added), whereas addition of CuSO, significantly
enhanced the production of extracellular laccase. The extra-
cellular laccase activity peaked at 800 U/L at 2.1 mM CuSOy,,
but was severely inhibited by higher concentrations (Fig. 2c¢).

Extracellular production of recombinant CotA laccase evi-
dently increased with cell density when induction was initiated
in log phase (ODggy <0.8), but gradually slowed down as the
strain reached stationary phase (ODggo 0.8—1.2). When induc-
tion initiated at ODgq = 1.4, production of extracellular laccase
was quite low (Fig. 2d). The effect of inducer IPTG or lactose
on extracellular laccase production was tested. Extracellular
CotA laccase peaked at 256 U/L in the presence of 0.1 mM
IPTG (Fig. 2b), but gradually decreased at higher IPTG con-
centration. When lactose was used as an inducer, the extracel-
lular rCotA laccase reached 557 U/L in the presence of 0.1 %

Table 2 Secretion efficiency of different strains after 24 h induction
Secretory system Strains Cytoplasmic laccase Supernatant laccase Total laccase Secretion
activity (U/L) activity (U/L) activity (U/L) efficiency (%)

None PCD 0 0 0 0
a-Hemolysin secretory system PSABD 8.0+0.7 29.7+23 37.7+29 78.7+0.9
None YD 0 0 0 0
YebF-mediated secretory system YSD 5.1+0.1 21+04 73+03 295+42
None PD 0 0 0 0

None PSD 457+19 157.4 £10.7 203.2+9.0 77519

Data are mean + standard deviation
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Fig. 1 E. coli PSD strain (a) and
PD strain (b) grown on LB
detection plates after 2 days. ¢

P, pastoris SMD1168H-CotA
grown on LB detection plates
after 5 days. The purple reaction
zone around colonies shows
extracellular laccase activity

(w/v) lactose (Fig. 2f), which was 2.2-fold higher than the level
obtained with 0.1 mM IPTG. However, higher concentrations
of lactose caused a reduction of extracellular laccase activity.
Expression was performed in 50-, 150-, 250-, and 500-mL
shake flasks, each containing one tenth of the flask volume of
LB medium. Extracellular laccase levels increased along with
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After optimizing the culture condition, the extracellular
yield of recombinant CotA laccase was improved from an
initial level of 157.4 to 1598.7 U/L in laboratory LB medium.
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Table 3  Purification of extracellular recombinant CotA laccase expressed by E. coli strain PSD

Purification step Volume Activity Total activity Total protein Specific activity Recovery Purification
(mL) (U/mL) ()] (mg) (U/mg) (%) fold

Supernatant 1200 1.27 1526.76 165.29 9.23 100 1

Dialysis 120 12.55 1506.46 126.48 5.95 98.67 0.64

HisTrap HP and 850 1.16 983.45 17.06 57.65 64.41 6.25

desalting

With industrial LB medium (0.5 % [w/v] industrial yeast ex-
tract, 1 % [w/v] industrial peptone, and 1 % [w/v] crude salt),
extracellular laccase activity reached 2401.3 U/L after induc-
tion for 24 h.

Purification and characterization of recombinant CotA
laccase

The concentration of imidazole for elution was optimized to
get highly purified protein. A concentration of 100 mM imid-
azole was chosen for large-scale CotA purification (Fig. S5 in
the Supplementary Material). After dialysis, affinity purifica-
tion, and desalting, 64.41 % of target protein was recovered
from 1.2 L culture supernatant, with a 6.25-fold increase in
purity (Table 3). SDS-PAGE analysis proved that CotA
laccase was purified to homogeneity (Fig. 3). The molecular
weight of the fusion protein on SDS-PAGE was ~63 kDa. The

M 1

kDa
100 S

70 -

50

[ L

40

30
25 1.

Fig. 3 SDS-PAGE analysis of purified CotA laccase after large-scale
purification. Lane M protein molecular mass marker; lane 1 purified
recombinant CotA laccase

MALDI-TOF MS result proved the purified protein to be
B. subtilis CotA laccase (Table S3, Supplementary Material).
The biochemical properties of recombinant CotA laccase were
characterized and found to be similar (data not shown) to those
of wild-type CotA laccase from B. subtilis LS02 (Du 2011).

Synthetic dye decolorization by recombinant CotA laccase

Purified CotA laccase had a high capacity for decoloriza-
tion of seven synthetic dyes. After incubation for 1 h, the
decolorization efficiency of Indigo Carmine, Orange G,
Malachite Green, and Alizarin Red reached 99.1, 96.0,
93.0, and 80.8 %, respectively (Fig. 4a). However, the
decolorization efficiency of Congo Red, Crystal Violet,
and Remazol Brilliant Blue R was only 51.2, 56.1, and
34.5 % after 1 h. The low decolorization rate for these
three dyes was probably because of their complex struc-
tures (Table S2, Supplementary Material) that inhibit pen-
etration into the active site of laccase (Riva 2006). The
decolorization efficiency for the three dyes increased with
time and reached 83.1, 91.6, and 84.0 % after 8 h. The
performance of crude enzyme in decolorization of syn-
thetic dyes was similar to that of purified enzyme
(Fig. 4b).

STE decolorization by recombinant CotA laccase

The decolorization of a STE by purified or crude recombi-
nant CotA laccase was studied. The STE had maximum
absorbance peaks at 602, 586, or 586 nm when dissolved
with deionized water, 0.1 M citrate—phosphate buffer (pH
7.0), or 0.1 M Tris—HCI buffer (pH 9.0), respectively.
When purified or crude CotA laccase was used for STE
decolorization, the decolorization efficiency of STE was
68.1 or 77.0 % after 48 h (Fig. 5a). The color of the reac-
tion system changed from dark blue to red-brown, indicat-
ing the production of new metabolites. The decolorization
rates of purified and crude CotA laccase were much higher
when STE was buffered to pH 7.0, both plateauing at 77 %
by 24 h of incubation (Fig. 5a). The effect of pH on decol-
orization rate was investigated. The decolorization rates of
purified and crude laccase were both higher with STE
buffered to pH 7.0 than to pH 9.0. Besides, the crude
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Fig. 4 Decolorization of seven a b
synthetic dyes by purified CotA —+—CR  —O-CV  ——RBBR —e—IC ——CR —-O-CV ——RBBR —e—IC
laccase (a) or crude CotA laccase —4—AR  —>*-0G  —&-MG —— AR —*—0G ——MG

(b). CR Congo Red, CV Crystal
violet, RBBR Remazol Brilliant
Blue R, /C Indigo carmine, AR
Alizarin Red, OG Orange G, MG
Malachite Green. Error bars
represent standard deviation

Decolorization efficiency (%)
Decoloirztion efficiency (%)
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laccase showed higher rate of decolorization than puri- pH 7.0, which was three times higher than that

fied laccase. After a 2-h reaction, the decolorization (24.6 %) of purified laccase under the same conditions
efficiency of crude laccase rapidly reached 72.6 % at  (Fig. 5b).
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Discussion

In this study, recombinant E. coli strains were all in-
duced under microaerobic conditions, as the strains
expressed barely detectable levels of active laccase un-
der traditional aerobic induction condition (data not
shown). Microaerobic induction has been reported to
promote the expression of active recombinant laccase
(Durao et al. 2008; Thssen et al. 2015; Mohammadian
et al. 2010; Sherif et al. 2013) by enhancing the cop-
per incorporation into the enzyme. After microaerobic
induction, recombinant CotA laccase was exported into
the culture medium by either the x-hemolysin secretion
system or the YebF secretion system. The secretion
efficiency of YSD was quite low, presumably because
the large size of the CotA sequence that was added to
YebF in the fusion context imposed additional con-
straints on the translocation machinery. The fusion pro-
tein linker between the YebF and the CotA sequences
might also affect the efficiency of protein expression
(Chen et al. 2013).

Unexpectedly, we found that the PSD strain was able
to release laccase into the culture medium without the
introduction of any secretion system. Moreover, the extra-
cellular laccase activity of the PSD strain was 5- and 78-
fold higher than that of the PSABD strain and the YSD
strain. Previous reports have also described finding
cytoplasmic proteins in the extracellular medium without
the assistance of an additional secretion element. Su et al.
(2013) found Thermobifida fusca cutinase synthesized in
the cytoplasm of E. coli being “secreted” into the culture
medium due to enhanced cell leakage caused by the phos-
pholipid hydrolysis property of recombinant cutinase. Teng
et al. (2011) and Zhang et al. (2013) found cytoplasmic
recombinant proteins to be released into the culture medi-
um at a high level with unknown reasons. Generally, se-
cretion of recombinant cytoplasmic proteins from E. coli
was achieved by variation of induction conditions (Rinas
and Hoffmann 2004) or by chemical or enzymatic cell
permeabilization (Falconer et al. 1999; Fu et al. 2005;
Liu et al. 2012). Till now, various secretion systems have
been utilized to export recombinant protein out of E. coli.
However, the secretion level may be limited by shortage
of transport machinery (Low et al. 2010). Also, some
secretion element fused with the recombinant protein can-
not be removed after expression (Low et al. 2011), which
may interfere with protein activity and structure. In this
study, the secretion pattern of the PSD strain efficiently
circumvents these two limitations, which could be benefi-
cial to large-scale production of laccase for downstream
applications. The mechanism underlying the extracellular
expression pattern is currently unknown and will be inves-
tigated in our future studies.

The effects of induction parameters on extracellular
laccase production were assessed. Our results demonstrat-
ed that the induction temperature played an important role
in laccase release from PSD. The secretion level of the
PSD strain was highest between 25 and 30 °C. An induc-
tion temperature >30 or <25 °C led to reduced laccase
secretion, probably because of accumulation of inclusion
bodies or a low metabolic level. Laccase is a copper-
dependent enzyme; the production of enzymatically active
laccase is closely related to the concentration of copper in
the culture medium (Durdo et al. 2008). During PSD induction,
no extracellular laccase was detected in the supernatant when
no CuSO, was added into the culture medium. The extracellular
laccase activity reached a maximum at 2.1 mM CuSO, but fell
rapidly when the concentration of copper ions was higher than
2.1 mM, possibly because the copper tolerance of E. coli had
been exceeded. Two inducers IPTG and lactose were used for
PSD induction. Low levels of laccase were secreted into the
medium in the absence of inducer due to basal expression of the
T7 promoter-based expression system (Studier 2005).
Maximum extracellular laccase was detected following induc-
tion with 0.1 mM IPTG or 0.1 % lactose. The extracellular
laccase production was higher when the PSD strain was in-
duced with lactose than with IPTG. Lactose is a nontoxic and
cost-saving inducer, which is especially suitable for large-scale
laccase production. The secretion level of recombinant laccase
was severely inhibited when the lactose concentration was
above 2 % (data not shown). This high concentration might
have imposed a metabolic burden on PSD cells, causing
overaccumulation of target proteins and the formation of inclu-
sion bodies (Zou et al. 2014). Alternatively, metabolism of lac-
tose might cause a fall in pH in the culture (Studier 2005),
which affected the stability of extracellular laccase.

After optimizing the induction parameters, extracellular
laccase production was improved to 2401.3 U/L, using industrial
LB as the culture medium. In our previous study, 1647.2 U/L
extracellular laccase was achieved using P, pastoris as expres-
sion host after a 20-day fed-batch induction (Wang et al. 2015).
We have effectively shortened the induction time to 1 day and
increased extracellular laccase production, demonstrating that
the E. coli expression system is an effective host for industrial
expression of extracellular laccase.

Industrial textile dye effluent usually contains a high con-
centration of reactive dyes, most of which are highly toxic and
nondegradable by conventional treatment processes
(Murugesan et al. 2009). Moreover, these effluents have high
levels of pH and salinity because of the presence of dyeing
auxiliaries, alkalis, and salt (Allegre et al. 2006). Most
biocatalysts cannot tolerate these harsh treatment conditions.
Therefore, treatment of textile dye effluents is a complicated
environmental problem. Several reports have demonstrated
efficient decolorization of STE by laccase-producing fungi
(Rodriguez-Couto 2012; Zhuo et al. 2011) or fungal laccase
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(Osma et al. 2010). However, these studies required buffering
of STE to acidic pH before reaction, because of the pH depen-
dence of fungal laccase. The pretreatment is inconvenient and
costly especially for large-scale treatment.

The ability of recombinant CotA laccase for STE decoloriza-
tion was assessed. The STE showed a pH of 11.6 and a high
salinity (3.5 %) and gave an absorbance of 10.42 at the maxi-
mum wavelength. Recombinant CotA laccase had excellent de-
colorization capacity in this tough environment. Buffering STE
to pH 7.0 or 9.0 did not increase the extent of color removal but
helped to reduce the time required for decolorization. The STE
decolorization rate by crude laccase was higher than that by
purified laccase. No decolorization of STE was observed after
a 48-h reaction with crude supernatant from the PD strain.
Proteins in the crude culture supernatants might act as an
enzyme-protective agent that helped to maintain the catalytic
activity and stability of CotA laccase in the adverse reaction
environment. Overall, the results demonstrate that crude recom-
binant CotA laccase can be used directly in dye effluent treat-
ment, thereby reducing the production cost.

Although CotA laccases have been shown to be potential
catalysts for industrial applications, the substrate spectrum and
catalytic efficiency of CotA laccases are limited by their low
redox potential (Mate and Alcalde 2015). Redox mediators act
as electron shuttles between laccase and substrates (Sharma
et al. 2007) and can effectively expand the redox potential of
laccase to include recalcitrant substrates. The application of
artificial mediators is limited by their toxicity and high cost
(Canas and Camarero 2010). By contrast, the natural mediator
acetosyringone which is readily available in nature (Cafias and
Camarero 2010) causes no harm to the environment and thus
is beneficial for the reuse of decolorized textile effluents. In
addition to the usage of mediators, protein engineering is also
an important tool to overcome the shortcoming of CotA
laccase as biocatalysts (Mate and Alcalde 2015). Our future
research will be directed toward attempts to refine the proper-
ties of CotA laccase to make this enzyme a more effective
catalyst for industrial applications.
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