Tan et al. Bioresour. Bioprocess. (2017) 4:20
DOI 10.1186/540643-017-0150-z

® Bioresources and Bioprocessing

RESEARCH Open Access

Heterologous expression of an

® CrossMark

acidophilic multicopper oxidase in Escherichia
coli and its applications in biorecovery of gold

Shih-1Tan', I-Son Ng'?" and You-Jin Yu'

Abstract

per transfer.

Background: Copper oxidase is a promising enzyme for detection of oxidation, which can function as a biosensor
and in bioremediation. Previous reports have revealed that the activity of the multicopper oxidase (MCO, EC 1.10.3.2)
from the Proteus hauseri ZMd44 is induced by copper ions, and has evolved to participate in the mechanism of cop-

Results: From P hauseri ZMd44, a full-length, 1497-base-pair gene, lacB, encoding 499 amino acids without signal
peptide, was cloned into Escherichia coli (E. coli) to obtain high amounts of MCO. The use of the pET28a vector yielded
better enzyme activity, which was approximately 400 and 500 U/L for the whole cell and soluble enzyme extracts,
respectively. The crude enzyme showed activity at an optimal temperature of 55 °C and it remained highly active in
the range of 50-65 °C. The optimal pH was 2.2 but the activity was significantly inhibited by chloride ions. This MCO
has great potential for Au adsorption (i.e., 38% w/w) and the Au@NPs were directly adsorbed on enzyme’s surface.

Conclusion: An acidophilic MCO from bioelectricity generating bacterium, P hauseri, is first cloned and heterolo-
gously expressed in E. coli with high amounts and activity. This MCO has great potential for Au adsorption and can be
used as a biosensor or applied to bioremediation of electronic waste.
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Background

The enzyme multicopper oxidase (MCO) is a type of lac-
case (EC 1.10.3.2) that has important industrial applica-
tions owing to its oxidizing and degrading activities on a
wide variety of aromatic compounds (Mayer and Staples
2002; Claus 2003; Rodgers et al. 2010). For instance, lac-
cases are used in the process of paper-pulp bleaching to
degrade lignin (Larsson et al. 2001). Furthermore, MCO,
as one of laccases, has a high demand in different manu-
facturing processes such as wine production, medical
analysis, electrochemical detection (Li et al. 2015), biore-
mediation (Santhanam et al. 2011), and gold nanoparticle
preparation (Guo et al. 2015).
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and indicate if changes were made.

Proteus hauseri strain ZMd44 is a gram-negative bac-
terium with outstanding performance in biodecoloriza-
tion of azo-dyes (Ng et al. 2013), and has been used in the
microbial fuel cell (MFC) system (Chen et al. 2010, 2012).
In addition, its MCO-laccase activity of 357 U/L at opti-
mal cultivation condition was induced by copper (Zheng
et al. 2013). Furthermore, this MCO-laccase partici-
pates in the transport of copper ions from the medium
to the cells (Grass and Rensing 2001). By whole genome
sequencing, it has been found that P hauseri ZMd44
possesses LacA and LacB (Wang et al. 2014). However,
genetic engineering of any laccase or multicopper oxi-
dase from the Proteus genus has not been illustrated in
the literature thus far. Owing to the insufficient enzyme
production by naturally occurring microbes, heterolo-
gous expression of the laccase genes via E. coli cloning is
urgently required.
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Genetic heterologous expression may be influenced
by different factors, including protein structure (Gopal
and Kumar 2013), effect of bacterial strain (Moreira et al.
2014), and the use of different expression vectors (Ros-
ano and Ceccarelli 2014). In general, the most common
plasmid used in recombinant engineering of E. coli is
the pET system, owing to its strong expression levels. In
this study, three different vectors, pET22b, pET28a, and
pET32a, are used to produce recombinant MCO. All the
vectors contain the same T7 promoter, and the resulting
proteins are fused to a 6-Histidine tag for protein affinity
purification. While pET28a is a vector in which recom-
binant protein would be overexpressed intracellularly,
the pET22b vector includes a signal peptide, pelB, so that
the recombinant protein is secreted to the periplasam.
Finally, vector pET32a contains a fusion protein, TrxA,
which works as a chaperone to assist in protein folding
and to enhance soluble protein expression (Baneyx and
Mujacic 2004).

Over the past decades, the number of consumers using
electronic devices manufactured by the semiconductor
industry is rapidly increasing, resulting in the accumu-
lation of a huge amount of electronic waste (Natarajan
and Ting 2014, 2015). Routine recovery of gold (Au) from
industrial metal waste is expensive. Further, biotechnol-
ogy industries are taking eco-friendly approaches to
recover metals from waste, which have significantly con-
tributed to control the pollution in the environment. Pre-
vious studies showed Proteus spp. (Chen et al. 2010, 2012)
and Shewanella spp. (Ng et al. 2014, 2015) with good per-
formance in biodecolorization and metal absorption, but
they never been used of genetic approach. Therefore, the
use of genetically engineered MCO for bioremediation is
a promising and cost-effective solution.

Until now, only few research studies have explored the
heterologous expression of MCO in E. coli. This is the
first attempt to determine the optimal vector to express
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MCO. Additionally, the optimal reaction conditions,
including temperature, pH, and ion effect, were assessed.
Finally, the use of the recombinant MCO in Au adsorp-
tion and gold nanoparticle (Au@NPs) preparation, and
its catalytic activity, were also explored.

Methods

Cloning and construction of recombinant LacB in E. coli

All cloning was performed in E. coli strain DH5a. Rea-
gents used in polymerase chain reaction (PCR), including
long and accurate LA-Tag DNA Polymerase, PCR-grade
dNTPs, restriction enzymes, T4 DNA ligase, and DNA
ladder marker, were obtained from Takara (Dalian,
China). PCR products and restriction-digested DNA
were purified by DNA gel extraction and PCR cleanup
kits (Axygen). Genomic DNA was isolated from 5 mL
of overnight cultures at 37 °C in LB broth, using bacte-
rial genomic DNA miniprep Kit (Axygen). The entire
open reading frames of lacB were amplified with primers
shown in Table 1, using genomic DNA from the ZMd44
as DNA template. The resulting PCR products were
inserted between the T7 promoter and the terminator
in the vectors pET32a, pET28a, and pET22b, and intro-
duced into E. coli BL21(DE3) cells, as shown in Fig. la—c.
Recombinant colonies grown on LB plates with corre-
sponding antibiotics (i.e., kanamycin or ampicillin) were
verified by colony PCR and double enzymatic digestion
with Ncol and Xhol. All strains, plasmids, and primers
used in this study are shown in Table 1.

Culture and heterologous expression of recombinant MCO
The expression host BL21 (DE3) harboring the recom-
binant ZMd44-lacB vector was cultivated in LB
medium with corresponding antibiotics and agitation
(200 rpm) at 37 °C. Once the cultures reached a bio-
mass with ODg,, between 0.6 and 0.8, the isopropyl
B-D-1-thiogalactopyranoside (IPTG) inducer and the

Table 1 List of strains, plasmids, and oligonucleotide primers in this study

Strains, plasmid, or primer Description

E. coli strains
DH5a
BL21(DE3)

Plasmids
pET-32a
pET-28a
pET-22b

Primers®
ZMd-lacB-Xhol-r
ZMd-lacB-Ncol-f

FrecAl endA1 hsdR17(rc mif) supE44 thi-1 gyrA relA1
F~ompT hsdSg (rz mg) gal dcm (DE3)

Amp'T7 promoter trxA-tag His-tag T7 terminator lacl f1 pBR322 origin E. coli expression vector
Kan"T7 promoter His-tag T7 terminator lacl f1 pBR322 origin E. coli expression vector
Amp"T7 promoter pelB His-tag T7 terminator lacl f1 pBR322 origin E. coli expression vector

5"-atCTCGAGTTTACTCACAGTAAAACCCG
5-taCCATGGATCAAAGTAACACGCCTTC

@ Nucleotides shown in underline represented the restriction sites
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a pET28a
T7P
Xhol (159) Ncol (1661)
T7T ﬁMd-lacB ; lacl pBR322 Kan
b pET32a
T7P
Xhol (159) Ncol (1661)
T7T3Md -lacB ; lacl pBR322 Ap
c pET22b
T7P
pelB sequence
Xhd (159) Ncol (1661
T7T ZMd-lacB lac | pBR322 Ap

Fig. 1 Construction map for lacB in different vectors as a pET28a, b pET323, and € pET22b and d molecular structure simulation of LacB via SWISS-
MODEL
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key factor CuSO, were added to the cultures at a final
concentration of 0.1 mM and 0.5 mM, respectively. At
this point, the incubation temperature was changed to
22 °C with the same agitation speed. After 12 h in cul-
ture, the recombinant bacteria were placed in an incu-
bator at 22 °C without agitation for an additional 12 h.
For cell density analysis, sample was taken out from the
broth to measure the optical density by a spectropho-
tometer at a wavelength of 600 nm (VersaMaxTM micro-
plate reader, Molecular Devices, CA). The ODy, values
were converted to biomass in terms of g/L via a calibra-
tion between optical density and dry cell weight. All the
experiments were run in triplicate and designated as
(A) +IPTG and Cu, (B) +IPTG, and (C) without induc-
tion, taking into consideration different cell fractions
(i.e., W = whole cell, S = supernatant, P = pellet, and
M = periplasm).

Determination of MCO activity and protein concentration
MCO activity was determined by a spectrophotomet-
ric method based on the use of ABTS [2,2-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid)] as substrate.
To this end, a 200 pL reaction mixture containing
100 pL of 2 mM ABTS, 95 pL of 50 mM reaction buffer
(pH 3.0), and 5 pL of enzyme solution was prepared.
Enzyme activity was monitored with a spectropho-
tometer (VersaMax — microplate reader, Molecular
Devices, CA) set up at a wavelength of 420 nm (i.e.,
ODyy) for the ABTS substrate. Reaction rates were
calculated using a molar extinction coefficient of
36 mM/cm. One unit was defined as the amount of
enzyme that oxidized 1 pumol of substrate per minute
(min). Protein concentrations were determined by the
Bradford method (Bradford 1976), using bovine serum
albumin as the standard.

Protein expression determined by SDS-PAGE

Proteins were run in gels prepared with 0.1% SDS, using
12% separating gel and 4% stacking gel. Tris—glycine
buffer (pH 8.3) containing 0.1% SDS was used as elec-
trode buffer. Samples at same concentration in terms of
OD = 5 were treated with buffer and heated at 100 °C
for 5 min before loading onto the gel. Electrophoresis
was run from the cathode to the anode at a constant cur-
rent of 20 mA per slab at room temperature in a Biorad
mini gel electrophoresis unit. Proteins were visualized
by staining with Coomassie blue R-250. Stained SDS gels
were scanned on the Image scanner Labscan 6.0 (GE
Healthcare). Subsequently, band intensities were quanti-
fied by densitometry, using the Quantity One 4.6.2 analy-
sis software (BioRad).
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Biochemical characterization of LacB

LacB activity was analyzed using 2 mM ABTS in 50 mM
sodium citrate buffer (pH 2.2), and the reaction was incu-
bated at a temperature range of 37-65 °C. The crude
enzyme of MCO was analyzed in 50 mM buffer at vari-
able pHs. Different concentrations of CuSO,, CuCl,, and
NaCl were included in the ABTS substrate at a range of
0-2 mM.

Purification of recombinant LacB

The supernatant of the recombinant LacB solution pro-
duced from the pET28a-lacB vector in BL21(DE3) cells
was loaded onto the AKTA system (GE, USA), using
a His-trap affinity column for purification. The puri-
fied enzymes were put into a micro-centrifuge tube at
30-kDa molecular weight cut-off (GE, Millipore), to
remove the imidazole and concentrate the solution for
Au adsorption.

Application of recombinant LacB on Au adsorption
Adsorption of free Au ions

Solutions containing 100 ppm of AuHCl, and 50 ppm of
purified recombinant LacB were prepared. Two millilit-
ers of both solutions were mixed and agitated for 1 h at
70 rpm. Following agitation, 4 mL of the solution was
transferred into the Amicon® device equipped with a
3 kDa molecular cut-off filter and centrifuged for 25 min.
The resulting filtrate was used to measure the Au concen-
tration by inductively coupled plasma with atomic emis-
sion spectroscopy (ICP-AES) (Thomas 2001).

Adsorption of Au@NPs

A solution containing 1 mM AuHCl, and 38.8 mM
sodium citrate was prepared as follows: 60 mL of AuHCl,
solution was heated until boiling, followed by the addi-
tion of 6 mL of sodium citrate solution. Once the color of
the solution changed from yellow to purple, the solution
was left to cool at room temperature. This solution was
the Au nanoparticle solution. Next, 300 uL of Au nano-
particle solution and 200 ppm of purified recombinant
LacB were mixed together and agitated for 1 h at 70 rpm.
Following agitation, 200 pL of the solution was loaded
into a 96-well plate to monitor the optical density with a
spectrophotometer set up at a wavelength of 350-750 nm
(VersaMax' microplate reader, Molecular Devices, CA).

Characterization of MCO-Au

Zeta potential (Malvern Zetasizer Nano ZS, UK) was
used to measure the isoelectric points of MCO or MCO
with Cu (MCO*®) following Au adsorption. The zeta
potential was measured in 100 mM phosphate buffer.
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Each sample was analyzed at least by triplicate. MCO*"
and MCO™* after Au adsorption were further analyzed
for their kinetic parameters against ABTS. The ABTS
concentrations ranged from 0.01 to 2 mM at pH 2.2. The
Michaelis—Menten kinetics was assumed and fitted by
Lineweaver—Burk plot, using Sigmaplot 10.0 software.

Nucleotide sequence accession number

The sequences of lacB of P. hauseri ZMd44 have been
deposited in the GenBank database under accession
number JF718783.

Results and discussion

Cloning Mco-lacB from P. hauseri ZMd44

The full-length 1578 bp gene sequence encoding LacB,
which included a signal peptide of 27 amino acids, was
obtained from genomic annotation of the biodecolor-
izing bacterium, Proteus hauseri Zmd44 (Ng et al. 2013;
Chen et al. 2010). Although the native multicopper lac-
case activity has been reported in P. hauseri (Zheng et al.
2013) and P. mirabilis (Olukanni et al. 2010), the heter-
ologous expression of such kind of enzyme in E. coli has
never been explored. Therefore, we cloned and overex-
pressed lacB in the E. coli for the first time. LacB exhib-
ited activity after expression in the pET22b vector but it
is not satisfying. LacB was shown to be a simple mono-
mer by SWISS-MODEL simulation (Fig. 1d); therefore,
this study focussed on the heterologous expression of
LacB in different vectors.

Mco-lacB expression in different vectors

The constructions of recombinant protein were confirmed
by enzymatic digestion with the restriction enzymes Ncol
and Xhol. The triplicate results from the growth curves
shown in Fig. 2 reveal that the addition of IPTG and
CuSO, into the cultures negatively affected cell growth.
This could be due to two reasons: (i) the IPTG and cop-
per ion may have a toxic impact on cell growth; (ii) the
recombinant pET22b-lacB may have higher toxicity in the
cells owing to the signal peptide, pe/B, which is secreted
to the periplasm and accumulates copper, leading to cell
death. Next, protein expression patterns detected by
SDS-PAGE were different from those of the selected vec-
tors, as shown in Fig. 3a. For pET28a, most of the recom-
binant LacB was soluble and had an estimated yield of
1330 mg/L, as quantified by in-gel densitometry (Fig. 3a).
However, LacB expression from the pET32a and pET22b
vectors was found in the pellet (Fig. 3a). We speculate that
the fusion protein TrxA expressed in the pET32a vector
could have increased the load of the cells, resulting in the
wrong folding of the MCO, which may become an inclu-
sion body. On the other hand, in the pET22b vector, the
recombinant MCO was expressed in the periplasm and
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also may have become an inclusion body. The time course
of pET22b-lacB biomass shown in Fig. 2¢ indicates con-
siderable cell death at 24 h, whereas no cell lysis occurred
in case of pET28a-lacB and pET32a-lacB. As shown in
the activity analysis of Fig. 3b, the recombinant MCO
expressed by pET28a had the highest activity among the
three expression vectors. This activity was about 400 and
500 U/L at an optimal pH of 2.2 for whole cell and super-
natant, respectively. This result was consistent with the
color of the cell pellet obtained by centrifugation (Fig. 2d),
where the chelation of copper ion represents a key event
for MCO activity (Grass and Rensing 2001). In the case
of the pET28a-lacB vector, copper ions can be transferred
into the cell and combined with the MCO, generating a
blue color (Fig. 2d) that translates into the highest MCO
activity. Recently, a cell-free system to synthesize an active
multicopper oxidase has been reported (Li et al. 2016).
In such publication, the yield was almost 1.2 mg/mL,
which is as similar to the heterologous expression in the
pET system. The alternative method to improve heterolo-
gous protein in E. coli can be accomplished by shifting to
lower temperature and applied experimental design (Wu
et al. 2017). In our strategy based on vector’s property,
we found that the best protein production came from the
pET28a vector, which included neither the original sig-
nal peptide nor the pelB signal peptide from pET22b or
fusion TrxA from pET32a in E. coli.

MCO-lacB characterization

The pH effect on crude MCO is shown in Fig. 3b.
Increasing the pH value caused the MCO activity to drop
dramatically. The best pH value was 2.2, where MCO
showed a 10-fold increase in activity when compared to
its activity at pH 3.5. In the presence of ABTS, only sin-
gle electron transfer takes place in the reaction instead
of a proton transfer (Bertrand et al. 2002). Consequently,
the optimal pH would be lower. The optimal temperature
ranged from 55 to 65 °C, as shown in Fig. 4a. In addition,
the recombinant MCO showed relatively high activity in
the range of 50-65 °C. Compared to the native MCO of
P. hauseri ZMd44 (Zheng et al. 2013), the recombinant
MCO possessed a higher enzymatic activity and a wider
thermo-resistance range. Therefore, the catalytic perfor-
mance of MCO can be enhanced through heterologous
expression, which increases its applicability in industry.
Regarding the effect of the use of different ions (Fig. 4b),
our results showed that the addition of copper ion
(CuSO,) at the optimal concentration of 0.5-1 mM could
increase MCO activity. However, addition of the copper
ion at concentrations higher than 1 mM resulted in an
unexpected decrease of MCO activity. This suggests that
the appropriate addition of the copper ion may help elec-
trons to be transferred to the substrate, whereas an excess
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of copper ion may become an obstacle and may slow
down the rate of electron transfer. Although the catalytic
activity of MCOs can be enhanced by copper addition,
the inhibition of such activity by chloride ion became
more evident upon addition of copper (II) chloride and
sodium chloride. As the chloride ion was added in the
reaction system, the MCO activity dropped dramatically
in spite of the presence of copper ion. Other groups have
reported similar results in which MCO activity could be

strongly inhibited by the chloride ion (Naqui and Varfo-
lomeev 1980; Kepp 2015).

Recently, Sondhi et al. reported that the strain Bacil-
lus tequilensis SN4 had the highest catalytic activity of
MCO (i.e., k,, is 4020/min) at pH 5.5 and 85 °C (Son-
dhi et al. 2014). As shown in Table 2, the reaction con-
ditions of MCO activity are very diverse among different
microbes (Ye et al. 2010; Ausec et al. 2015; Yang et al.
2016; Safary et al. 2016). However, rare forms of MCO
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Table 2 Comparison of the catalytic kinetic parameters of MCO on ABTS from different microorganisms

Sources Gene Vmax Keat K, Ko/ K Reaction condition Reference
pmol/min 1/min mM 1/mM?/min

Bacillus tequilensis SN4 SN4LAC ND 4020 14 2871 pH 5.5 at 85 °C Sondhi et al. (2014)

Mangrove soil Lac591° ND 2.52 0.09 280 pH 7.4 at55°C Ye etal. (2010)

Thioalkalivibrio sp. ALRh lacc 1500 129 46 280 pH 5 at 50 °C Ausec et al. (2015)

Pseudomonas sp. 593 cumA ND 23.58 0.1 2358 pH 5 at55°C Yang et al. (2016)

Bacillus sp. SL-1 CcotA ND 1380 0.046 30,000 pH 4.5 at 50 °C Safary et al. (2016)

Proteus hauseri LacB? 58 1328 0.303 4382 pH 2.2 at 50 °C This study

Proteus hauseri LacB-AuP 559 52.7 0.129 408.5 pH 2.2 at 50 °C This study

2 The yields of LacB of Proteus hauseri and Lac591 of Mangrove soil expressed in E. coli are 1330 and 1381 mg/L, respectively

b LacB-Au means with gold binding and followed by activity analysis

show acidophilic properties and accordingly our results
of P. hauseri MCO had optimal activity at pH 2.2. More
importantly, this is the first attempt to detect the gold-
binding properties of this MCO. The enzymatic activity
was highly inhibited after addition of AuHCl, because of
chloride inhibition. Finally, the Au ion was from AuHCl,;
thus, the Vmax of LacB is tenfold than that of LacB-
Au (Table 2), which represented the chloride inhibition
was dominating. This mechanism when gold binding to
enzyme will be discussed in the next section.

Application and characterization of recombinant MCO-lacB
for Au adsorption

It has been reported that Au nanoparticle could be
adsorbed on MCO and function as a switch on ABTS
reaction (Guo et al. 2015). We attempted to evaluate
the ability of recombinant MCOs to adsorb Au follow-
ing two approaches: free ion and nanoparticle. Puri-
fied recombinant MCO was used for Au ion adsorption
experiments (Fig. 5a). This showed that 37 and 39%
Au (mg) was adsorbed per milligram of MCO with
(Sa) and without (Sb) copper ion in significant level (P
value < 0.05). MCOs supplemented with copper ion pos-
sessed a very similar ratio of Au adsorption. This adsorp-
tion percentage is relatively higher than other protein for
gold adsorption. Maruyama et al. applied three proteins
to adsorb the gold ion, which showed that the adsorption
percentage is 3.6, 4, and 1.6% for ovalbumin, BSA, and
lysozyme, respectively (Tatsuo et al. 2007). Actually, in
the Au biorecovery research, some reports revealed that
a specific peptide bond on the gold surface (1,1,1) but
not adsorbed of gold ions (Brown 1997, 2000). Alterna-
tively, the adsorption of Au nanoparticles (Au@NPs) on
MCO was similar in the presence or absence of copper
ion (Fig. 5b). The Au@NPs were directly adsorbed on the
MCO’s surface, as the adsorption ability is totally deter-
mined by the surface property. As shown in Fig. 5b, the
adsorption of Au@NPs showed a peak at a wavelength of

530 nm, and the optical density increased as the recom-
binant MCO was added to the culture. Adsorption of
Au@NPs on the MCO could have caused a blockade
of the light pathway, and as a result, there would be an
increase in optical density.

The initial working conditions of MCO and MCO™“"
(i.e., cultured with Cu) for adsorbing Au were deter-
mined at pH 7.75 and 7.73, respectively. However, the
zeta potential of both samples following Au adsorption
was determined at different pHs. These results are shown
in Fig. 5c. The isoelectric points of MCO and MCO*
were determined at pH 5.29 and pH 5.51, respectively.
This showed that the recombinant proteins were anionic
and the Au adsorption on the protein was through elec-
trostatic interactions. The isoelectric points of MCO and
MCO™ upon Au adsorption were determined at pH
6.21 and 6.15, respectively. At this point, the proteins were
still anionic, but the isoelectric point shifted to a higher
pH, especially for MCO. We suggest that Au ions com-
pete for the same binding site within the protein, affecting
the chelation of the copper ion by the MCO and causing
structural changes. Higher isoelectric points showed that,
at the same pH, there were fewer negative charges of the
protein after Au adsorption. This is consistent with the
fact that Au possesses protons combined to the proteins,
which partially neutralize the protein’s negative charges.

Conclusion

We optimized the heterologously expression of MCO
and investigated the extent of its applications. Among
the three different vectors analyzed in this study (i.e.,
pET28a, pET22b, and pET32a), pET28a, carrying the
lacB gene, showed the best results regarding expres-
sion levels, cell growth, and enzyme activity at different
pHs. The optimal pH of the recombinant MCO was 2.2
at an incubation temperature of 55 °C with the addition
of 0.5 mM of copper. We also found that the addition
of chloride ion strongly inhibited MCO activity. This is
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Fig. 5 Application of recombinant LacB in Au adsorption. a Supernatant fractions of MCO produced by BL21 cells harboring the pET28a-lacB vector
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the first attempt to explore the ability of MCO from P
hauseri to adsorb Au or Au@NPs, which may become a
novel application for bioremediation in the future.
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