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A laccase has multiple redox centres. Chemisorption of laccases on a gold electrode through a polypeptide
tag introduced at the protein surface provides an isotropic orientation of laccases on the Au surface,
which allows the orientation dependent study of the direct electrochemistry of laccase. In this paper,
using genetic engineering technology, two forms of recombinant laccase which has Cys-6�His tag at
the N or C terminus were generated. Via the Au-S linkage, the recombinant laccase was assembled orien-
tationally on gold electrode. A direct electron transfer and a bioelectrocatalytic activity toward oxygen
reduction were observed on the two orientation controlled laccase electrodes, but their electrochemical
behaviors were found to be quite different. The orientation of laccase on the gold electrode affects both
the electron transfer pathway and the electron transfer efficiency of O2 reduction. The present study is
helpful not only to the in-depth understanding of the direct electrochemistry of laccase, but also to
the development of laccase-based biofuel cells.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Laccase is a copper-containing oxidase [1,2]. Each laccase pro-
tein contains four copper ions, which are divided into T1 (one),
T2 (one) and T3 (two) categories according to their spectral charac-
teristics. The T1 site is for aromatic substrate oxidation and T2 and
T3 copper ions form a trinuclear copper cluster active site for oxy-
gen reduction. During the catalytic oxidation of substrates, one
electron from the substrate is transferred to the T1 site, and subse-
quently it passes through the intramolecular His-Cys-His bridge to
the T2/T3 cluster where molecular oxygen is reduced to water in-
stead of the intermediate H2O2. Due to these unique properties,
laccase has been tried to construct biofuel cells [3–5]. However,
the direct electron transfer (DET) of laccase on conventional
electrodes is found to be difficult. It depends upon the electrode
materials and laccase immobilization strategies [3,6–10]. It has
been found that the electrocatalytic reduction of oxygen at non-
oriented laccase electrode is accompanied by the production of
the intermediate H2O2, which decreases the efficiency of the O2

reduction [11]. It follows that the oriented immobilization of
laccase is a prerequisite for understanding the above phenomena
and also it is the difficult point for studying the DET of laccase.

The site-directed biological modification of functional proteins
is an ideal approach to achieving an oriented assembly of the pro-
teins [12–17]. The basic strategy is to use genetic engineering tech-
nology to modify functional proteins with linkers which provide
oriented attachment of the proteins on a specific support. The
Au–S bond is usually used to fabricate an assembled film on Au
electrode. Therefore, the introduction of cysteine at the N or
C-terminus of laccase peptide chain facilitates the oriented immo-
bilization of laccase. To obtain a recombinant laccase with Cys-
teine-6�Histidine (Cys-6�His) tag at the N or C terminus (named
rLacA-N and rLacA-C, respectively), a gene sequence encoding the
Cys-6�His tag was fused in the present study to the 30/50 end of
the lacA gene from Trametes sp. AH 28-2. The obtained recombi-
nant laccase was assembled orientationally on a gold electrode
via the Au-S bond. The orientation dependent direct electron trans-
fer of laccase and its electrocatalysis toward oxygen reduction
were then investigated and compared. The present study is helpful
to the in-depth understanding of the direct electrochemistry of lac-
case and to the development of laccase-based biofuel cells.

2. Materials and methods

The construction of the expression vector of rLacA with Cys-
6�His tagged at the N or C terminus (named pPlacA-NCys-His and
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pPlacA-CCys-His, respectively) and its heterologous expression in
Pichia pastoris strain GS115 (Invitrogen, Carlsbad, CA) were per-
formed according to the Xiao’s method [18]. The PCR with designed
primers that contained the sequence of the tag (the underlined)
was carried on the plasmid pPlacA (kindly provided by Dr. Xiao
et al. [19]) by standard procedures. For the construction of pPla-
cA-NCys-His, the upstream and downstream primers were 50-CCGga-
attcTGCCATCATCACCATCATCACGCCATTGGGCCCACCGCTGACCTCA
-30 and 50-AATAgcggccgcCTGGTCGTTGACATCGAGCGCG-30, respec-
tively. For the construction of pPlacA-CCys-His, the two primers were
50-CCGgaattcGCCATTGGGCCCACCGCTGACCTCA-30 and 50-AATAgcg
gccgcGCAGTGATGATGGTGATGATGCTGGTCGTTGACATCGAGCGCG-
30, respectively. Sequence analyses of the target expression vectors
(pPlacA-NCys-His and pPlacA-CCys-His) were performed.

The laccase producing transformants were cultured under the
conditions described in the manual of the Pichia Expression Kit
(Invitrogen). To harvest the expressed rLacA, the cells were first re-
moved by centrifugation and the supernatant was then concen-
trated with a 10 kDa cut-off centrifugal filtering device (Amicon
Ultra-15, Millipore Corp. MA). The resulting rLacA was purified
with a His-Trap FF column (GE Healthcare) at 4 �C. The purification
was monitored by SDS–PAGE. The activity of purified laccases
(both free and immobilized) were determined spectrophotometri-
cally [18] and one activity unit (U) was defined as the amount of
the enzyme required to oxidize 1 lmol 2,20-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS) per minute at pH 4.0 at
30 �C.

The rLacA modified electrode was prepared by immersing a pre-
treated gold disc electrode [20] (3 mm in diameter) into the en-
zyme solution at 4 �C for 24 h, followed by rinsing with
phosphate buffer (100 mM, pH 6.0). The immobilized laccase was
determined using quartz crystal microbalance (ANT Q300 affinity
sensor, Taiwan). Cyclic voltammetry was performed using a CHI
630 Electrochemical Analyzer (Shanghai). A bare or laccase modi-
fied gold electrode was used as a working electrode, a platinum
wire and a saturated calomel electrode (SCE) were used as counter
electrode and reference electrode, respectively. Unless otherwise
specified, the electrolyte phosphate buffer (100 mM, pH 4.6) was
thoroughly deoxygenated with pure N2 for ca. 30 min prior to
experiments and the N2 atmosphere was kept during the experi-
ments. The CVs were recorded over a broad potential range and
with different scan rates. The content of H2O2 formed during the
electrocatalytic reduction of O2 was measured according to the
method described elsewhere [11].
Fig. 1. Schematic representation of rLacA immobilized orientationally on bare
3. Results and discussion

Sequence analysis indicated that the cDNA fragment of lacA
with Cys-6�His tag in N or C-terminus was correctly inserted into
pPIC9K, resulting in two 15.4 kb plasmids without gene mutation.
The gene was expressed in P. pastoris with an expression level of
35.9 mg L�1 (3.04 � 104 U L�1) for rLacA-N and 19.9 mg L�1

(0.83 � 104 U L�1) for rLacA-C, indicating that the heterologous
expression of the rLacA was successful.

SDS–PAGE experiments indicated that the separated rLacA-N
and rLacA-C were both pure with molecular weight estimated to
be both 64 kDa, which is very close to that of the native LacA (nLa-
cA) from Trametes sp. AH28-2 (62 kDa) [19]. The apparent kinetic
parameters of Km and kcat, determined with ABTS as substrate,
are 16.7 lM and 68.6 s�1 for rLacA-N, and 17.2 lM and 65.3 s�1

for rLacA-C, respectively. These data suggest that there is little dif-
ference between rLacA-N and rLacA-C in the catalytic performance
and the insertion of Cys-6�His tag has no notable effect on the
conformation of laccase.

The structure of LacA from Trametes sp. AH 28-2 is not reported,
but that of LacB from the same strain has been released (Protein
Data Bank code 3KW7) [21]. The structure of rLacA was built via
homology modelling using the SWISS-MODEL function in Swiss
Pdb viewer version 3.7 [22]. Its structure and probable orientation
on gold surface (the rLacA was immobilized via the Au–S bond) is
schematically represented in Fig. 1.

In rLacA-N, the T1 site is away from the Au electrode surface,
while the T2/T3 site is near the electrode surface; in rLacA-C, how-
ever, the distance between the T1 and the electrode surface is
nearly the same as that between the T2/T3 and the electrode sur-
face. It follows that the difference in site for tag modification re-
sults in different orientations of laccase on the gold surface.

The amount of immobilized laccase on the gold surface shows that
the unmodified laccase is not readily adsorbed on the gold surface,
while the modified laccase is easily immobilized on the gold surface
due to the thiol from the Cys-6�His tag. The surface coverages of
the two modified laccases are (5.41 ± 0.28) � 10�12 mol cm�2 for rLa-
cA-N and (4.99 ± 0.19)� 10�12 mol cm�2 for rLacA-C, respectively.
These data are close to the theoretical value of 4.65� 10�12 mol cm�2

calculated based on the monolayer assembly of laccase [7]. The slight
difference in the coverage may be due to differences in orientation,
transverse sectional area and steric hindrance, etc.

The measurements of the activity of the immobilized laccase
shows that after chemisorption of rLacA on the Au surface, the
gold surface with Cys-6�His tag at its N-terminus (A) or C-terminus (B).
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two modified laccases are still active with specific activities of
174.4 U mg�1 for rLacA-N and 162.8 U mg�1 for rLacA-C, respec-
tively. The activity maintenance should be attributed to the linker,
which is projecting on the outer surface and away from the active
centre.

Fig. 2 shows the cyclic voltammograms (CVs) of different lac-
case modified gold electrodes in phosphate buffer (pH 4.6). Under
the same conditions, no peak was observed at the native laccase
modified electrode over the potential range, but a pair of well-de-
fined, quasi-reversible redox peaks were observed for rLacA-N
modified gold electrode with Epc = 289 mV vs. NHE and Epa = 465 -
mV vs. NHE. The obtained formal potential (E0 = 377 mV vs. NHE)
at rLacA-N modified gold electrode is very close to the potential
at T2/T3 cluster reported elsewhere [11], i.e., this pair of redox
peaks could be attributed to the direct electron transfer between
the T2/T3 cluster of laccase and the electrode. The homology mod-
eling supports this inference (see Fig. 1A). For rLacA-C modified
gold electrode, a pair of well-defined but irreversible peaks were
observed with Epc = 316 mV vs. NHE and Epa = 624 mV vs. NHE.
Its formal potential (470 mV vs. NHE) is higher than that of rLa-
cA-N. The broad peaks may be ascribed to the combined effects
of the T1 and T2/T3 copper ions. Based on the presumed orienta-
tion of rLacA-C on the electrode surface, there should exist two
possible pathways of the electron transfer between the electrode
and rLacA-C (T1 and T2/T3 cluster). Since the potential at T1 is
higher than that at the T2/T3 cluster, the half-peak widths of both
the overlapped anodic peak and the cathodic one increase (the cor-
responding onset potentials support the inference). The irrevers-
ibility of the redox peaks at the rLacA-C modified electrode may
also correlate with the unidirectional intramolecular electron
transfer from T1 to T2/T3 cluster [11]. It is worth mentioning that
no signal at the native laccase/Au electrode is due to small
amounts of immobilized laccase on the electrode.

For rLacA-N and rLacA-C modified gold disk electrodes, their
peak currents were found to vary linearly with the scan rate over
a scan rate range of 5–100 mV s�1, indicating that the electron
transfer process is surface-confined. For a surface-confined pro-
cess, the following equation can be used to estimate the number
of electrons transferred:

Ip ¼ n2F2mAC=4RT
Fig. 2. Cyclic voltammograms (second cycle) of recombinant laccase (rLacA-C (a) and
phosphate buffer (pH 4.6) under anaerobic conditions at a scan rate of 20 mV s�1.
where the symbols have their usual meanings. For rLacA-C and rLa-
cA-N, the calculated n values are 1.82 and 0.89, respectively. That
means that for each laccase immobilized orientationally on the Au
surface, the number of electrons transferred as well as the DET
pathway is closely related with the orientation of the recombinant
laccase. Different orientation results in different pathway and dif-
ferent DET efficiency.

Fig. 3 shows the cyclic voltammograms of rLacA modified gold
electrodes under aerobic condition. Compared with CVs recorded
under anaerobic condition, the cathodic peak currents in the pres-
ence of O2 are increased, especially for rLacA-C. It was also ob-
served that the onset potential for oxygen reduction at the
rLacA-C modified electrode (495 mV vs. NHE) was more positive
than that at the rLacA-N modified electrode (340 mV vs. NHE).
These results indicate that both recombinant laccases have electro-
catalytic activities for oxygen reduction, and that their difference
in electrocatalytic activity should be related to the orientation of
laccase on the electrode and the active sites of laccase involved
in the electron transfer.

It has been reported that the electrocatalytic reduction of O2 at
non-oriented laccase electrode is accompanied by the production
of intermediate H2O2 [23]. To explore the relationship between
the orientation of laccase on Au electrode and the DET pathway,
the amount of H2O2 formed in the electrolyte was determined after
repeated cycles of CV scan over a potential range of 142–742 mV
vs. NHE. The obtained H2O2 concentration was determined to be
2.75 lM and 7.53 lM for rLacA-C and rLacA-N modified gold elec-
trodes, respectively. This means that the amount of H2O2 produced
at the rLacA-C modified electrode is much less than that produced
at the rLacA-N modified electrode although the maximum catalytic
current at rLacA-C modified electrode is approximately two times
as large as that at rLacA-N modified electrode. Because the specific
activities of the immobilized laccases are close to each other, the
significant difference in the electrochemical behavior must have
been caused by their orientation on the Au surface. Based on the
simulated orientation of the two laccases on the Au surface, the
T1 site of rLacA-N is far from the electrode and the electron
transfer takes place mostly between the Au electrode and the T2/
T3 site of rLacA-N. For rLacA-C, however, its T1 site is much closer
to the Au surface than that of rLacA-N; moreover, as predicted, the
T1 site of rLacA-C is closer than its T2/T3 site to the electrode
rLacA-N (b)) and nonrecombinant laccase (c) modified gold electrodes in 0.1 M



Fig. 3. Cyclic voltammograms (second cycle) of rLacA-N (dotted line) or rLacA-C (solid line) immobilized gold electrode under air saturated conditions in 0.1 M pH 4.6
phosphate buffer. Scan rate: 20 mV s�1.

Fig. 4. Schematic representation of the electron transfer pathway for the electrocatalytic reduction of O2 by rLacA-N (A) and rLacA-C (B) immobilized orientationally on gold
surface.
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surface. So rLacA-C has two possible pathways for its communica-
tion with gold electrode (see Fig. 4). Based on the present
electrocatalytic behavior of the two recombinant laccases on the
Au surface, it could be concluded that for rLacA-N, the electron
from the electrode is transferred directly to the T2/T3 site where
O2 is mostly reduced to H2O2; for rLacA-C, however, there exits an-
other route, i.e., the electron from the electrode transfers via the T1
site to the T2/T3 site where O2 is reduced to H2O. It follows that the
orientation of laccase on Au electrode affects both the electron
transfer pathway and the electron transfer efficiency of O2

reduction.
The two recombinant laccases, rLacA-N and rLacA-C, obtained

using genetic engineering technology, were demonstrated to have
similar enzymatic properties, but their electrochemical behaviors
were shown to be quite different when they were orientationally
immobilized on a bare gold surface. The orientation of laccase on
Au electrode affects both the electron transfer pathway and the
electron transfer efficiency of O2 reduction.
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