
Ascorbate Oxidase-catalyzed Electrochemical Reduction of Dioxygen
Using 2,6-Dichloroindophenol as an Electron-transfer Mediator

Kenichi Murata, Misa Sugihara, Nobuhumi Nakamura,� and Hiroyuki Ohno
Department of Biotechnology and Life Science, Tokyo University of Agriculture and Technology,

Koganei, Tokyo 184-8588

(Received August 11, 2006; CL-060924; E-mail: nobu1@cc.tuat.ac.jp)

Electrochemical reduction of dioxygen to water proceeds
through the 2,6-dichloroindophenol (DCIP)-mediated and Acre-
monium sp. HI-25 ascorbate oxidase (ASOM)-catalyzed reac-
tion. The optimum pH of the reaction has been proven to be
neutral pH 7.5.

Multicopper oxidases such as bilirubin oxidase, laccase, and
ascorbate oxidase catalyze the reduction of dioxygen to water
with the concomitant oxidation of substrate. They contain four
copper binding sites per functional unit, type 1 Cu, type 2 Cu,
and two type 3 Cu. Type 1 Cu is involved in electron uptake
from the substrate, and the latter three copper binding sites are
proximal and constitute a trinuclear center, which is the catalytic
dioxygen reduction site. In recent years, mediator-type electro-
chemical reductions of dioxygen by multicopper oxidases
including laccase1 and bilirubin oxidase2 have been studied.
Understanding the reactions facilitates the practical application
of biodevices such as biofuel cells and biosensors. However,
to the best of our knowledge, there is no report about the electro-
chemical catalytic reaction of ascorbate oxidase using an elec-
tron-transfer mediator. Although Santucci et al. have reported
the direct electron-transfer reaction of ascorbate oxidase,3 the
electrochemical reduction of dioxygen occurs at a slow rate,
so far.

Ascorbate oxidase from bacterium Acremonium sp. HI-25
(ASOM) is monomeric with a molecular mass of about 80 kDa
and is thermostable up to 60 �C,4 while plant ascorbate oxidases
are homo-dimers with one monomer of about 70 kDa and are
thermolabile. For applications such as biofuel cells, thermosta-
bility is important and required, and therefore we have used
ASOM (purchased from Asahi Kasei Co., Japan) in this work.
Type 1 Cu of ASOM is expected to be an electron acceptor from
a substrate in common with other multicopper oxidases, whereas
the redox potential of type 1 Cu has not yet been determined. We
first determined the redox potential of type 1 Cu in ASOM by
anaerobic potentiometric titration using ferrocyanide in accord-
ance with the method previously reported.5 The result of the ti-
tration at 596 nm is depicted as a Nernst plot in Figure 1, giving a
midpoint potential ofþ197mV. For many multicopper oxidases,
the redox potential of type 1 Cu can be classified by the axial
ligand, although not solely.6 Oxidases which have methionine
as an axial ligand for the type 1 site are classified as low redox
potential enzymes (340–390mV vs NHE), whereas middle
redox potential enzymes (470–710mV vs NHE) have leucine,
and high-potential oxidases (730–780mV vs NHE) have phenyl-
alanine, respectively. The potential of type 1 Cu of ASOM
(þ197mV, pH 7.0, 25 �C) is slightly higher than that of green
zucchini squash (Cucurbita pepo medullosa) ascorbate oxidase
(þ139mV, pH 6.0, 25 �C)7 and cucumber (Cueumis sativus)

ascorbate oxidase (þ145mV, pH 7.0, 25 �C).5 Based on the re-
sults of crystallographic analysis of zucchini ascorbate oxidase,8

type 1 Cu ligand binding residues have been elucidated to be
His445, Cys507, His512, and Met517. It is also expected that
cucumber ascorbate oxidase have the same set of ligands, from
sequence homology. However, it has been reported that the axial
ligand Met517 of zucchini ascorbate oxidase is replaced by
Lys546 in ASOM.9 Although lysine is not included in the above
classification, it seems that the positively shifted potential is
related with the replacement of the axial ligand.

Here, we demonstrate the ASOM-catalyzed electrochemical
reduction of dioxygen using 2,6-dichloroindophenol (DCIP) as
an electron-transfer mediator, which has a redox potential close
to type 1 Cu of ASOM. Cyclic voltammetry (CV) was performed
using a BAS electrochemical analyzer in a three electrode sys-
tem with a glassy carbon (GC) electrode, Ag/AgCl (3M NaCl)
and a Pt wire as working, reference, and counter electrodes, re-
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Figure 1. Anaerobic potentiometric titration of type 1 copper in
ASOM using hexacyanoferrate(II) ion as a mediator at room
temperature.
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Figure 2. Cyclic voltammograms of 0.1mM DCIP in an air-
saturated buffer solution at pH 7.5, pH 6.0, and pH 4.0 in the ab-
sence (dotted lines) and presence of 3mM ASOM (solid lines).
Scan rate: 2mV/s.
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spectively. Voltammetric responses were recorded in 100mM
DCIP and 3mM ASOM, prepared in 0.1M buffer solution
(pH 4–6; acetate buffer, pH 6–8; phosphate buffer, pH 8–10;
boric acid–Na2CO3 buffer), which is saturated with dioxygen
by bubbling air for 30min. In this communication, potentials
refer to Ag/AgCl (3M NaCl), whose potential is þ205mV vs
NHE, unless otherwise stated.

As shown in Figure 2 (dotted lines), reversible redox re-
sponses between DCIP and GC electrode were observed in a
wide pH range. The voltammograms of DCIP were independent
of the presence or absence of dioxygen in the solution (data not
shown). In the presence of ASOM, the redox reaction could be
coupled with the ASOM-catalyzed reduction of dioxygen to pro-
duce a large cathodic catalytic current as observed in Figure 2
(solid lines). It has been reported that the active site binding
pocket of ascorbate oxidase is specific for ascorbate10 and the
electron transfer of ascorbate oxidase is strongly dependent on
the nature of the electron donor.3 In addition to ascorbate, it
has been reported that ferrocyanide,11 cytochrome c,12 organic
radicals (such as metronidazole,11a lumiflavin,13 and methyl
viologen13b) generated by pulse radiolysis and flash photolysis,
are also able to act as electron donors for ascorbate oxidase.
When the reducing molecule can fit into the cavity near type 1
Cu, e.g. in ascorbate or the metronidazole radical, both electron
transfer to type 1 Cu and intramolecular electron transfer be-
tween type 1 Cu and trinuclear center are rapid. When the reduc-
ing molecule can not fit into the cavity, as in the reaction with
ferrocyanide and cytochrome c, electron transfer occurs slowly.
When we used DCIP as an electron-transfer mediator, it was
analogized that DCIP can fit into the cavity and the electron-
transfer reaction proceeds at a fast rate; therefore, the electro-
chemical catalytic reduction of dioxygen was observed by the
CV technique.

Figure 3 shows the pH dependence of electrochemical catal-
ysis by ASOM. The catalytic current exhibited a maximum value
at neutral pH 7.5. As the redox potential of DCIP was�0:01V at
pH 7.5 and varied linearly with pH (�64mV/pH) within
pH 4.0–10.0, the redox potential difference between DCIP and
type 1 Cu of ASOM increased as the pH increased. As a result,
the driving force of the reaction increased with increasing pH.
This driving force seems to be one of the factors that made the
optimum pH 7.5 for the electrochemical catalytic reaction dif-
ferent from the ascorbate oxidation optimum of pH 4.5. It is nec-
essary to perform the cathodic reaction under neutral conditions
at which laccase can not catalyze the electrochemical reduction
of dioxygen. Tsujimura and co-workers showed that bilirubin

oxidase can catalyze the electrochemical reduction of dioxygen
to water in neutral pH,2 and actually constructed a one-compart-
ment glucose/dioxygen biofuel cell using a bilirubin oxidase-
modified cathode and a glucose dehydrogenase-modified anode,
which work at neutral conditions.14 In this study, we have shown
that ASOM is also a useful enzyme which fulfills this pH
requirement for a biocathode.

In conclusion, we have demonstrated the electrochemical
reduction of dioxygen to water by ASOM using DCIP as an
electron-transfer mediator. It has been shown that DCIP is an ef-
fective electron-transfer mediator for ASOM, and the optimal
pH is proven to be neutral pH 7.5. However, to use ASOM as
a biocathode at neutral pH, a mediator with more positive redox
potential than DCIP is required. With the use of such mediators,
even at neutral pH dioxygen reduction at more positive poten-
tials would be expected. Extension of this study is now under
way in this direction.
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Figure 3. pH Dependence of catalytic current for electro-
chemical reduction of dioxygen by ASOM.
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