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Introduction

Controlling the molecular structure, organization, and/or
orientation of proteins on a solid surface without distressing
their native functionality is a key issue in the development
of many biotechnological applications, such as biosensors,[1,2]

biomolecular electronics devices,[3] or biofuel cells.[4] Initially
developed for the biochemical purification of genetically en-
gineered proteins, the formation of ternary metal–chelate
complexes between nitrilotriacetic acid (NTA) and histi-
dine-tagged recombinant proteins has been shown to be a
promising strategy for controlling protein orientation at in-
terfaces, requiring only mild protein modification.[5] More-
over, the specific immobilization is reversible, which allows
the release and recovery of the immobilized protein under
mild conditions. Such a strategy has proved to be useful for
improving the recognition between a receptor immobilized
on a surface and a ligand in solution[6–8] or for modulating
the electrical communication between an electrode and a
redox protein site-specifically oriented on its surface.[2,9, 10]

Self-assembled monolayers (SAM) of NTA-terminated al-
ACHTUNGTRENNUNGkane ACHTUNGTRENNUNGthiols on a gold surface are by far the most investigated
platform in the applications mentioned above. Two ap-
proaches are currently used: 1) a direct method in which the
NTA-terminated alkanethiol is separately synthesized
before being self-assembled in a single step on a gold sur-
face and 2) a two-step method in which a SAM of alkane-
thiol terminated by a functionalizable group is first chemi-
sorbed on gold and subsequently chemically coupled to the
desired NTA ligand. The second method is the most widely
investigated and involves, for instance, the coupling of a
NTA-containing primary amine with an activated carboxyl-
ate-terminated SAM.[2,9–11] The main inconveniences of this
latter approach is a rather lengthy and laborious preparation
of the protein-immobilizing ligand on gold surfaces and a
poor control of the ligand coverage due to the low coupling
yields reported for amide bond formation.[11] SAMs pre-
pared by the direct method should provide modified gold
surfaces that are better defined and characterized, but this
has only been reported for long NTA-terminated alkane-
thiols,[6–8] which are generally not compatible with electro-
chemical detection (i.e. , long alkyl chains may slow down or
impede electron transfer). One objective of this work was
thus to design, by the direct method, a short-length NTA
SAM on the surface of a gold electrode for site-specific im-
mobilization of a recombinant histidine-tagged redox
enzyme and for efficient transduction of its catalytic activity
into an electrochemical response. Another important objec-
tive was to characterize quantitatively all the steps in the
immobilization procedure and to determine precisely the ef-
ficiency of the immobilization strategy and the extent to
which the His-tagged enzyme is preserved from deactivation
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through partial denaturation, steric hindrance, and/or con-
formational changes.

As a His-tagged redox enzyme model, we selected re-
combinant laccases (LAC3) from a Trametes sp. strain
C30[12] with a 6 L His-tag at their N- or C-terminal extremi-
ties. Laccases are multi-copper oxidases capable of catalyz-
ing the four-electron reduction of dioxygen to water with a
concomitant oxidation of a broad range of substrates, which
makes them of special interest not only in bioremediation[13]

and biosensing applications,[14–16] but also as cathodic elec-
trocatalysts in biofuel cells.[4,17, 18] Laccases are also charac-
terized by the presence of a blue type-1 copper site, which
acts as a primary electron-acceptor relay from reductant
substrates, and a trinuclear copper site, which is responsible
for the reduction of dioxygen. Although some attempts have
been made to evaluate the kinetic properties of laccases im-
mobilized on electrodes,[19–22] the rate constants determined
were always apparent values because of the difficulty of pre-
cisely knowing the amount of fully active enzyme attached
to the electrode and of appraising the effects of diffusion-re-
striction and partitioning within the more or less thick films
of laccase usually deposited on the electrode surface.

With the aim of quantitatively characterizing the pro-
posed enzyme immobilization strategy, it was necessary to
address several interconnected issues. One was to establish
the relationships that link the voltammetric catalytic current
response to the surface concentration of affinity-bound lac-
case through a comprehensive overview of its mechanism.
The second was to determine the true kinetic rate constants
for the activity of the immobilized enzyme (i.e., equivalent
to those obtained in homogene-
ous reactions) and to compare
them with their homogeneous
counterparts. For such a pur-
pose, the amount of active
enzyme immobilized on the
electrode was carefully quanti-
fied by an indirect method. Fi-
nally, the last issue was to
relate the electrochemical re-
sponse to the affinity-binding
isotherm of the His-tagged lac-
case towards the thiol-NTA
electrode, thus offering a way
to evaluate the efficiency of the
proposed immobilization
strategy.

The poor substrate specificity
of laccases allows natural elec-
tron donors to be replaced by
artificial redox substrates (me-
diators), which enables electro-
catalytic reduction of dioxygen
by laccases in cyclic voltamme-
try.[23] In this work, we selected
a fast one-electron redox
couple, [Os ACHTUNGTRENNUNG(bpy)2pyCl]2+/[Os-

ACHTUNGTRENNUNG(bpy)2pyCl]+ (bpy=bipyridine, py= pyridine), which proved
to be a particularly efficient mediator of the catalytic reduc-
tion of O2 by laccase in cyclic voltammetry.

Results and Discussion

A short-length NTA-terminated thiol, N-[5-(1,2-dithiolan-3-
ylpentanoylamino)-1-carboxypentyl]iminodiacetic acid
(Scheme 1), was synthesized by coupling thioctic acid with
N-(5-amino-1-carboxypentyl)iminodiacetic acid. The SAM
coating was achieved by immersion of a gold electrode in an
ethanol solution of the thiol-NTA (1 mg mL�1) for 12 h at
4 8C. The surface concentration of the thiols grafted onto
the gold electrodes was estimated by oxidative desorption in
a 0.5 m solution of KOH by scanning voltammetrically from
�0.2 to 0.7 V versus SCE.[24] After correcting for oxidation
of the gold surface, and assuming a three-electron oxidation
peak, a sulfur atom surface concentration of (7�0.5) L
10�10 mol cm�2 was found. This value is close to the value of
(8�0.5) L 10�10 mol cm�2 found under the same conditions
for a SAM of thioctic acid and is consistent with the theoret-
ical value of a close-packed monolayer. Assuming two sulfur
atoms are grafted per molecule, the surface concentration of
the thiol-NTA linker was finally estimated to be (350�
25) pmol cm�2. Metalation of the NTA ligand was achieved
by soaking NTA-modified electrodes in a 1 mm solution of
CuCl2 (0.1 m phosphate buffer, pH 7.4) for 30 min. The sur-
face coverage of CuII was estimated as previously reported
from its voltammetric response,[25] and a value of (250�

Scheme 1. 1,2) Two-step synthesis of the thiol-NTA ligand from thioctic acid, 3) thiol chemisorption on the
gold surface, 4) pretreatment of the NTA-modified surface with an aqueous solution of CuCl2, and 5) addition
of the histidine-tagged protein to the modified surface.
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50) pmol cm�2 was obtained, which indicates that more than
70 % of the immobilized ligand was coordinated to the CuII

ion. Enzyme immobilization was achieved by immersion of
the modified gold electrode in a magnetically stirred 100 nm

solution of LAC3 with a 6 L His-tag at its C-terminal extrem-
ity (Scheme 1). Once loaded with the enzyme, the electrode
was washed and transferred to an electrochemical cell con-
taining phosphate buffer at pH 6.0.

The specific binding of His-tagged LAC3 at the electrode
is depicted in Figure 1a. A typical catalytic wave was ob-
tained by cyclic voltammetry in the presence of both an
excess of O2 (air-saturated solution) and the one-electron
redox mediator [OsIII

ACHTUNGTRENNUNG(bpy)2pyCl]2+ . The sigmoidal-shaped
wave of the voltammogram is characteristic of steady-state
conditions. The catalytic response vanished when any of the
three components (NTA-thiol, CuII, or [OsIII

ACHTUNGTRENNUNG(bpy)2pyCl]2+)
was omitted. Moreover, NTA-modified electrodes loaded
with copper were unable to bind laccase that was not His-
tagged. These results show that the binding of His-tagged
LAC3 is specific and related to the formation of a ternary
complex between the anchored NTA ligand, the CuII ion,
and the histidine residues in the recombinant protein. To ex-
amine the influence of the orientation of laccase on the cat-
alytic response, the same experiments were repeated with
recombinant LAC3 with a 6 LHis-tag at its N-terminal ex-
tremity. In solution, the specific activity of this N-terminal
His-tagged LAC3 was found to be of the same magnitude as
that of the C-terminal His-tagged LAC3, which indicates
that the introduction of the 6 L His-tag does not significantly
change the catalytic properties of the soluble form of the

enzyme. Once immobilized on an electrode under the same
conditions as the C-terminal His-tagged laccase, a steady-
state catalytic current response of the same intensity was ob-
tained. This result confirms the comparable reactivity of the
two recombinant enzymes, even in the immobilized state,
and it suggests the mediator has equal access to the primary
electron acceptor (type-1 copper) of laccase, whatever the
orientation of the protein. In several recent works, it was
proposed that by appropriate orientation of laccase at the
surface of an electrode, direct electronic communication be-
tween the electrode and the type-1 copper of the enzyme
could be established, leading to catalytic reduction of O2

without the mediator.[19,22] It was thus interesting to examine
such a possibility. Cyclic voltammograms were thus recorded
for both the N- and C-terminal His-tagged laccases immobi-
lized on gold electrodes in the absence of mediator, but no
noticeable electrocatalytic reduction of O2 was recorded
(the voltammetric curve was identical to the one recorded in
the absence of immobilized laccase). With the N-terminal
His-tagged laccase, this result is not really surprising be-
cause, on the basis of the crystallographic structure reported
for the Trametes versicolor laccase,[26] the N-terminal ex-
tremity in LAC3 appears localized on the opposite side of
the type-1 copper site such that the redox center is too far
for efficient electrical communication with the gold surface.
In the case of the C-terminal His-tagged laccase, the dis-
tance between the redox center and the electrode surface
should theoretically be much shorter, but the lack of re-
sponse in the absence of mediator suggests that this is prob-
ably not sufficient. Note that in the absence of dioxygen

(i.e., after degassing with
argon), the reversible wave of
the redox mediator [OsIII

ACHTUNGTRENNUNG(bpy)2-
ACHTUNGTRENNUNGpyCl]2+ is unaffected by the
presence of the chemisorbed
ligand and the immobilized pro-
tein (the reversible wave can be
overlaid on those recorded at
an unmodified gold electrode).
This clearly indicates that the
ligand and enzyme layer do not
impede electron transfer.

The enzyme-binding kinetics
were investigated by plotting
the catalytic plateau current
density, jcat,pl, as a function of
the immersion time (inset in
Figure 1b). The current re-
sponse at a CuII/NTA-modified
electrode reaches a maximum
value after 90 minutes and re-
mains stable for around 2 h
before decaying. A similar ki-
netic profile was obtained at a
NiII/NTA-modified electrode,
but the maximum current den-
sity was 3.5 times lower (inset

Figure 1. a) Cyclic voltammetry of thiol-NTA-functionalized gold electrodes in phosphate buffer (pH 6.0, T=

25 8C, scan rate: 20 mV s�1). Electrode A was loaded with CuII, whereas electrode B was not. Both were incu-
bated in a 100 nm His-tagged LAC3 solution for 90 min at T=20 8C. Electrode A was scanned in the presence
(A+Cu +Os, c) and absence (A+Cu-Os, c) of 20 mm [OsIII

ACHTUNGTRENNUNG(bpy)2pyCl]2+ . Electrode B (B-Cu +Os, a) was
scanned in the presence of 20 mm [OsIII

ACHTUNGTRENNUNG(bpy)2pyCl]2+ . b) Maximum current density values obtained for electro-
des charged with CuII and immersed in O2-saturated solutions with different bulk enzyme concentrations (T=

25 8C, 1 mm [OsIII
ACHTUNGTRENNUNG(bpy)2pyCl]2+). Contributions of the diffusion current of the mediator and of the residual cat-

alytic activity of the enzyme in solution have been subtracted. The curved line represents the Langmuir iso-
therm fitting. Inset: Current density as a function of incubation time with 100 nm bulk concentrations of
enzyme for electrodes loaded with NiII (*) or CuII (*).
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in Figure 1b). The lower catalytic response recorded at the
NiII/NTA-modified electrode suggests poorer affinity bind-
ing of the His-tagged enzyme with the NiII–NTA complex.
This result is consistent with the poorer binding of 1,1’-bis(-
methylimidazole)ferrocene previously observed at NiII/
NTA-functionalized carbon electrodes compared with
CuII.[25]

The affinity binding (Kb) of His-tagged LAC3 to the
NTA-modified electrode loaded with CuII was determined
from the plot of a Langmuir isotherm. The maximum cata-
lytic plateau current density, jcat,pl,max, which was assumed to
occur at equilibrium binding, was recorded at several
enzyme concentrations, C0

E, in solution (Figure 1b). The ex-
perimental data were fitted to the Langmuir equation
[Eq. (1), in which jscat,pl,max is the maximum catalytic plateau
current density for a saturated protein surface concentra-
tion]. From the fitting we obtained jscat,pl,max = 100 mA cm�2

and Kb =2.2 L 107
m
�1. The value of the binding constant is

comparable to that reported for the binding of a His-tagged
protein to a Ni–NTA lipid bilayer at pH 7.4[27] or to the af-
finity binding measured for a histidine-modified peroxidase
at a CuII/NTA-functionalized carbon electrode.[25] The decay
of the catalytic current in Figure 1b was attributed to a slow
dissociation of the enzyme from the surface and not to a de-
activation of the immobilized enzyme. This assertion is sup-
ported by the fact that a similar decay of the catalytic re-
sponse upon prolonged immersion was previously observed
in the kinetics binding curve of histidine-modified perox-
idase at CuII/NTA-modified carbon electrodes,[25] which sug-
gests that the loss of activity at enzyme–NTA-modified elec-
trodes is a general phenomenon. This effect might be attrib-
uted to the intrinsic reversibility of the binding of the metal
ion; the metal ion can slowly dissociate from the NTA-
modified electrode by competi-
tive binding with the 6 L His-tag
of the enzyme, as previously re-
ported for other NTA-modified
surfaces.[10,28] This hypothesis is
corroborated by an acceleration
of the decay at low pH values.
Note also that the recombinant
His-tagged laccases were not
especially unstable because
after a few weeks of storage at
4 8C there was no significant
loss of their activity.

jcat,pl,max ¼
jscat,pl,maxKbC

0
E

1þKbC
0
E

ð1Þ

The relative stability of the
enzyme layer after 90 min of
enzymatic binding (Figure 1b)
allowed us to analyze at the
same modified electrode the
catalytic kinetics of immobi-

lized LAC3. The catalytic current response of the immobi-
lized His-tagged LAC3 was analyzed on the basis of the lac-
case mechanism proposed in Figure 2a. The catalytic cycle
of laccase was assumed to proceed through a reaction
scheme analogous to a ping-pong mechanism in which four
electrons are sequentially taken up from reducing substrates
by the accessible blue type-1 copper site (T1), which trans-
fers them to a buried trinuclear copper center (T2 and T3
sites) about 13 O away.[26] Once fully reduced, the T2/T3
copper redox center binds O2 and then plays a key role in
the reduction of O2 to H2O. This accepted mechanism sug-
gests that the main functional role of the T1 center is to fa-
cilitate the first three long-range intramolecular electron
transfers from the substrate to the three copper centers in
the T2/T3 trinuclear cluster (the fourth electron reduces the
T1 site).[29, 30] The reductive half-reaction of the enzyme with
the electrochemically reduced form of the mediator was
therefore considered to occur through four sequential one-
electron transfers from [OsII

ACHTUNGTRENNUNG(bpy)2pyCl]+ to the CuII T1 site,
which includes after each of the first three bimolecular elec-
tron transfers an intramolecular electron-transfer step. It
was also postulated that there is no precursor complex be-
tween the reduced osmium(II) complex and the copper T1
site of laccase and that, at high substrate concentration, the
rate-determining step of the reductive half-reaction is the in-
tramolecular electron transfer from the T1 to the T2/T3
cluster. This hypothesis is reasonable because with a high
driving force between the mediator and the copper T1
center, a rapid bimolecular outer-sphere electron transfer
should occur. To verify whether a large driving force exists
between the [OsII

ACHTUNGTRENNUNG(bpy)2pyCl]+ mediator and the copper T1
center of LAC3, the standard potential of the copper T1
center of LAC3 was determined from a spectroelectrochem-

Figure 2. a) Reaction scheme used for the kinetic analysis of laccase under steady-state conditions. The mecha-
nism assumed a classic Michaelis–Menten-type reaction towards O2 followed by sequential four rapid electron
transfers from the osmium(II) complex [OsII

ACHTUNGTRENNUNG(bpy)2pyCl]+ to the oxidized copper T1 of laccase, the first three
steps were followed by rate-determining intramolecular electron transfer to the trinuclear cluster. b) Recip-
rocal plot of the catalytic plateau current density versus mediator concentration. The data were obtained at a
NTA-electrode loaded with CuII and incubated in a 100 nm His-tagged LAC3 solution for 90 min, and finally
scanned by cyclic voltammetry in an O2-saturated phosphate buffer (pH 6.0) containing 20 mm [OsIII-
ACHTUNGTRENNUNG(bpy)2pyCl]2+ (scan rate: 20 mV s�1, T=25 8C).
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ical titration (Figure 3). The perfect fitting of the redox titra-
tion curve of LAC3 with a one-electron Nernst equation
and the full reversibility of the titration process (Figure 3)

are in quite good agreement with the reversible one-electron
transformation of blue type-1 copper. From the fitting, a
formal potential value of E0’= 0.68 V versus NHE (n=1) at
pH 6.0 was obtained, which is 230 mV more positive than
the standard potential of the redox mediator involved in our
cyclic voltammetric experiments (E0 = 0.45 V versus NHE
for the [OsIII

ACHTUNGTRENNUNG(bpy)2pyCl]2+/ ACHTUNGTRENNUNG[OsII
ACHTUNGTRENNUNG(bpy)2pyCl]+ couple). The

half-oxidizing reaction was considered to follow a Michae-
lis–Menten-type reaction because the reaction of fully re-
duced native laccase with O2 has been shown to produce a
transient species, also called a peroxy intermediate, that is
further rapidly oxidized (k O2,2>1000 s�1) to a native inter-
mediate.[30]

For a monolayer of laccase immobilized on the electrode,
the current flowing through the electrode according to the
reaction scheme shown in Figure 2a may be expressed by
Equation (2). This expression is formally the same as that
for a classical ping-pong mechanism[31, 32] except that the rate
constants kcat and kM are a combination of several elementa-
ry rate constants.

�i ¼ �FSDM

�
@½M�
@x

�
x¼0
þ 4FSG0

E
1
kcat
þ 1
kO2
½O2 �x¼0

þ 1
kM ½M�x¼0

ð2Þ

in which 1
kcat

, 1
kM

, and kO2
are defined as follows:

1
kcat
¼ 1
ki,1
þ 1
ki,2
þ 1
ki,3
þ 1
kO2,2

1
kM
¼
X4

n¼1

1
kM,n

kO2
¼ kO2,1kO2,2

kO2,2þkO2,�1

DM is the diffusion coefficient of the mediator, F is the
Faraday constant, S is the electrode area, [O2]x=0 and [M]x=0

are the dioxygen and mediator concentrations at the elec-
trode surface (x= 0), G0

E is the protein surface concentration,
kcat is the turnover number (in s�1), and kO2

and kM are the
global bimolecular rate constants (in m

�1 s�1) for the oxida-
tion of the reduced laccase (ER) by O2 and the one-electron
reduction steps of the oxidized copper T1 by the osmium(II)
mediator, respectively. The factor four in Equation (2) is re-
lated to the four equivalents of the mediator required in the
catalytic cycle to reduce O2 to H2O. The pure catalytic con-
tribution of the current can be obtained by subtracting the
diffusion contribution [the first term in Eq. (2)] from the
total current. Taking into account the fact that at the catalyt-
ic plateau current, [M]x=0 =C0

M (in which C0
M is the con

centration of the mediator in solution), and that the cat-
alytic current does not significantly change when passing
from an air-saturated to a dioxygen-saturated solution (i.e. ,
kO2

[O2]x=0 @kcat), the catalytic plateau current density, jcat,pl,
may be simplified to Equation (3).

�jcat,pl ¼
�icat,pl

S
¼ 4FG0

E
1
kcat
þ 1
kMCM

0

ð3Þ

The catalytic plateau current was recorded under an O2-
saturated atmosphere and at different mediator concentra-
tions, ranging from 0.01–1 mm. The resulting values are plot-
ted in Figure 2b in the form of the reciprocal catalytic cur-
rent as a function of the reciprocal mediator concentration.
From linear regression analysis, one obtains from the inter-
cept kcatG

0
E = (1.3�0.2) L 10�10 mol cm�2 s�1 and the slope

kMG0
E = (1.3�0.2)L 10�5 cm s�1. To determine the absolute

values of kcat and kM, it was necessary to know precisely the
concentration of the enzyme at the surface. This was ach-
ieved by desorbing the His-tagged LAC3 immobilized on
the electrode into a small volume (80 mL) of a 0.1 m acidic
phosphate buffer (pH 3.6) for 60 min and then spectropho-
tometrically measuring the residual enzyme activity con-
tained in the slightly acidic solution (see the Experimental
Section). Complete release of the enzyme from the elec-
trode surface was confirmed by the total disappearance of
the electrocatalytic response. From the activity of the recov-
ered laccase, an enzyme surface coverage of G0

E = (2.7�
0.1) pmol cm�2 was estimated for a series of electrodes ob-
tained under the same conditions as those described in Fig-
ure 2b. Values of kcat = (50�5) s�1 and kM = (4.8�0.5)L
106

m
�1 s�1 were calculated. The value of kcat is close to the

Figure 3. UV/Vis spectra of mediated spectroelectrochemical titration of
His-tagged laccase (20 mm LAC3) in the presence of 180 mm [Os ACHTUNGTRENNUNG(CN6)]K4

(pH 6.0, T=20 8C), recorded at different equilibrated applied potentials.
Inset: Fraction of the oxidized T1 site of laccase (measured at l=

605 nm) as a function of the applied potential. Starting from the fully re-
duced laccase, the enzyme was first (&) progressively oxidized by for-
warding the potential in the anodic direction and then (*) reduced by re-
versing the potential in the cathodic direction. Solid and dashed lines
represent the fitting of the Nernst equation to the experimental data ob-
tained during the application of the forward and reverse potential, re-
spectively.

www.chemeurj.org G 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7186 – 71927190

V. Balland, B. Limoges et al.

www.chemeurj.org


one obtained from the spectrophotometric steady-state ki-
netics study of LAC3 in homogeneous solution (kcat =60 s�1

at pH 6.0). These results clearly illustrate that the immobi-
lized laccase remains virtually as active as in homogeneous
solution despite the use of a short thiol-NTA linker that
brings the enzyme very close to the gold metal surface. They
also demonstrate that the as-proposed immobilization strat-
egy prevents deactivation of the enzyme by the metallic sur-
face. Moreover, the value of kM/kcat was found to be identi-
cal for electrodes charged with NiII or CuII, which shows
that the metal ion used to anchor LAC3 does not interfere
with the enzyme reactivity.

From the enzyme kinetic parameter kcat and the maximal
current density of the Langmuir isotherm established at
high mediator concentrations (C0

M =1 mm), it was simple to
estimate the maximal enzyme coverage because kcat !kMC

0
M,

and so �jcat,pl =4kcatG
0
E. A maximal enzyme surface concen-

tration of G0
E,max = (5.1�0.5) pmol cm�2 was deduced. This

value agrees with the coverage that can be estimated from
the size of laccase and for a saturated monolayer of His-
tagged LAC3 on a perfectly flat surface. A theoretical satu-
rated surface concentration of 5–7.6 pmol cm�2 can be calcu-
lated for a compact monolayer of Trametes versicolor lac-
case (65 L 55 L 45 O3),[26] depending on the orientation of the
protein upon immobilization. The fact that the maximal
enzyme surface concentration derived from electrochemical
experiments is consistent with the theoretical value calculat-
ed for a densely packed monolayer of laccase is further evi-
dence that the proposed immobilization strategy leads to a
fully active monolayer of laccase.

Conclusion

We have shown that the surface of a gold electrode can be
easily modified by a short NTA-terminated alkanethiol in a
single step and that it can serve as an efficient platform to
affinity immobilize a packed and well-ordered monolayer of
a histidine-tagged laccase. We have also shown that the cata-
lytic activity of the immobilized enzyme can be investigated
by cyclic voltammetry in the presence of a diffusive one-
electron redox mediator. From a detailed kinetic analysis of
the catalytic reduction of dioxygen and indirect quantifica-
tion of the enzyme coverage, we concluded that the immobi-
lized laccase is as active as in homogeneous solution, with-
out noticeable loss of its intrinsic activity. This means that
despite the use of a short thiol-NTA linker, which brings the
enzyme very close to the gold surface, the enzyme activity is
not affected by the close proximity of the metallic surface. It
was, however, not possible to induce direct electron transfer
between the copper T1 site of laccase and the gold surface,
even with C-terminal His-tagged recombinant laccase, prob-
ably because of a too long-range electron transfer. We
expect that shortening the thiol-NTA linker will favor direct
electrical communication between the gold electrode and
the redox center of laccase. Work is in progress in this direc-
tion.

Experimental Section

Synthesis : N-[5-(1,2-Dithiolan-3-ylpentanoylamino)-1-carboxypentyl]imi-
nodiacetic acid was synthesized as follows: Step 1 was performed accord-
ing to ref. [33]. In step 2, freshly distilled triethylamine (1.8 mL) was
added to a solution containing Na,Na-bis(carboxymethyl)-l-lysine hydrate
(0.5 g; Fluka) dissolved in dried DMF (15 mL). The solution was stirred
and heated for 90 min to allow complete dissolution of the solid. The ac-
tivated ester (0.55 g) was then added to the mixture and the solution
heated at reflux for 4 h. The solution was then filtered and the solvent re-
moved under reduced pressure. The resulting orange oil was recuperated
and dried in a desiccator. The oil was redissolved in H2O/EtOH (1:1) and
left for the night at 4 8C; a white powder precipitated from solution.
After filtration, the powder was partially redissolved in hot acetone and
filtered. The filtrate was finally evaporated under reduced pressure to
give the thiol-NTA product as a pale-yellow solid (0.505 g, 62%).
1H NMR (250 MHz, CD3OD): d= 3.62 (d, 4H; 2L NCH2COOH), 3.55
(1 H; m, SCH), 3.46 (t, 1 H; CHCOOH), 3.18 (m, 2 H; SCH2), 3.32 (m,
2H; CH2NH), 2.46 (m, 1 H; SCH2CH2CHS), 2.19 (t, 2 H; CH2CO), 1.89
(m, 1H; SCH2CH2CHS), 1.80–1.20 ppm (m, 12 H; CH2); 13C NMR
(250 MHz, CD3OD): d =177.0 (COOH), 67.7 (CHCOOH), 58.6 (SCH),
56.5 (CH2COOH), 42.3, 41.1, 40.4, 38.0, 36.8, 31.8, 31.0, 27.8, 25.8 ppm;
elemental analysis calcd (%) for C18H30N2O7S2 (450.6): C 48.1, H 6.7, N
6.2%; found: C 48.1, H 6.7, N 5.8. MS (ESI+): m/z : 451 [M+H]+ , 473
[M+Na]+ .

The [OsII
ACHTUNGTRENNUNG(bpy)2pyCl]PF6 complex was synthesized as previously de-

scribed.[34] The corresponding osmium ACHTUNGTRENNUNG(III) (OsIII) complex was obtained
through its oxidation by LAC3 and purified using a 10 kDa cutoff ultrafil-
tration cartridge (Vivaspin).

Protein expression/purification : The LAC3 encoding sequence from the
plasmid pAKY145[12] was modified by site-directed insertion using the
Quick-Change protocol from Promega with the following mutagenic pri-
mers: Y145_NH top (bottom= reverse and complement) 5’CCC AAA
TAT CTG CAG CAA TAC ACC ATC ACC ACC ACC ATG GAC
CTG TCA CGG ACT TGA CC 3’ and Y145_CH top (bottom= reverse
and complement) 5’CCC GAC GGT CTC GGG CGC CAC CAT CAC
CAC CAT CAT TGA GAG GCG AAG CAG CTT C 3’. The resulting
six histidine coding extensions in pACY1 (C-terminal) and pACY2 (N-
terminal) were controlled by sequencing (Genome express). For each
construct, transformants were obtained from the yeast S. cerevisiae
W303-1A (MATa ade2-1, his3-11, 15, leu2-3, 112, trp1-1, ura3-1, can1-
100). For the recombinant protein production, cells were grown as previ-
ously described.[12] All purification steps were carried out at 4 8C. The
mycelium was removed by centrifugation for 30 min at 10000 rpm. The
supernatant was filtered through glass microfiber filters (Whatman, final
porosity 2.5 mm) and concentrated to 100 mL using a 10 kDa cutoff ultra-
filtration cartridge (prep/scale-TFF 2.5 ft2). The fluid obtained was fur-
ther concentrated (10 times) and dialyzed against 20 mm phosphate
buffer containing 0.5m NaCl and 25 mm imidazole at pH 7.4 (buffer A)
in an Amicon ultrafiltration stirred cell by using type YM 10 membranes.
The sample was centrifuged for 30 min at 10000 rpm again and then ap-
plied to a pre-equilibrated Ni-NTA column (GE Healthcare, HisTrap FF,
1 mL). The enzyme was eluted from the column with 20 mm phosphate
buffer containing 0.5m NaCl and 500 mm imidazole at pH 7.4 (buffer B)
at a flow rate of 1 mL min�1. The active fractions were collected, pooled,
and dialyzed against 20 mm phosphate buffer at pH 6.0 and then finally
concentrated on a Microcon YM-10 column at 4 8C. Tagged LAC3
(either N- or C-tagged) represented the unique proteinaceous component
of fractions that were eluted from the Ni-NTA column (as controlled by
PAGE-SDS).

Enzyme activity measurement : Homogeneous oxidation of the [OsII-
ACHTUNGTRENNUNG(bpy)2pyCl]+ (100 mm) complex by laccase (0.2–5 nm) in an air-saturated
phosphate buffer (0.1 m, pH 6.0 or 3.6, T=25 8C) was followed by moni-
toring the initial rates (during the first 60 s) of the disappearance of os-
mium(II) at 500 nm by UV/Vis absorption spectroscopy (diode-array
spectrophotometer Hewlett-Packard 8452A). At this wavelength the
molar extinction coefficients of the reduced and oxidized forms of the
osmium complex are 8900 and 500 m

�1 cm�1, respectively. Under these ex-
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perimental conditions, C0
M @kcat/kM and so the measured activity is only a

function of the kcat value, in accordance with Equation (4).

�d½OsII�
dt

¼ 4kcatC
0
E

ð4Þ

kcat values of 60 and 190 s�1 were reproducibly obtained for the C-termi-
nal His-tagged LAC3 at pH 6.0 or 3.6, respectively. The kcat value ob-
tained at pH 3.6 was then used to determine the amount of active laccase
desorbed from the electrode in the small volume (80 mL) of acidic solu-
tion at pH 3.6.

Electrochemical measurements : Prior to thiol immobilization, the poly-
crystalline gold electrodes (S= 0.0123 cm2) were polished with 3, 1, and
0.1 mm alumina, and analyzed in 0.5 m H2SO4 between 0.2 and 1.8 V
versus SCE. Evaluation of the effective area of the gold electrode was
carried out as previously reported.[35] We reproducibly found a rugosity
factor value of around two. Cyclic voltammetry was carried out with a
PST20 Autolab potentiostat (Eco-Chemie) interfaced with a PC comput-
er. Voltammetric experiments were performed in a water-jacketed elec-
trochemical cell maintained at a controlled temperature with a circulating
water bath. For the cyclic voltammetric experiments with laccase, solu-
tions (0.1 m phosphate buffer, pH 6.0) were saturated with dioxygen by
flushing the cell with dioxygen gas for a few minutes.

Spectroelectrochemistry : The UV/Vis-mediated spectroelectrochemical
titration of LAC3 was performed in solution by using a homemade one-
compartment bulk electrolysis cell adapted from that of Tsujimura
et al.[36] The working electrode was a fine wire mesh gold minigrid
(Goodfellow). A platinum wire (1 mm diameter), separated from the
bulk of the solution by a vycor frit and Teflon heat-shrink tubing (Prince-
ton Applied Research) filled with the buffer solution, was used as an aux-
iliary electrode. A DRIREF-2 Ag/AgCl/KCl 3 m (World Precision Instru-
ments) was used as the reference electrode (E0 =0.21 V vs. NHE, T=

20 8C). The three electrodes were inserted into a 3 mL quartz cell (1 cm
path length) through a silicon cap that hermetically closes the cell. An
additional tygon tube for degassing was introduced. The spectroelectro-
chemical cell was bubbled with argon throughout the entire experiment.
20 mm laccase in a total volume of 1.4 mL of 0.05 m phosphate buffer
(pH 6.0) was used. The titration was performed in the presence of 180 mm

[Os ACHTUNGTRENNUNG(CN6)]K4 (E0 =0.64 V vs. NHE). Electrolysis at a controlled potential
was carried out under magnetic stirring with a homemade potentiostat.
The optical absorbance spectra of the electrolyzed solution were moni-
tored with a 8452A diode-array spectrophotometer (Hewlett-Packard).
After each applied potential step, the solution was left to equilibrate
until two identical UV/Vis spectra were recorded. The absorption spec-
trum at 0.8 V versus NHE was identical to that of fully oxidized LAC3,
exhibiting a characteristic LMCT band with a maximum at l =605 nm. A
potential of 0.4 V versus NHE was applied for 20 min to remove any
traces of dioxygen. The anaerobicity of the cell was verified by checking
the stability of the reduced enzyme in the absence of any applied poten-
tial over a few minutes. Oxidative titration from 0.4 to 0.8 V was then
performed. After oxidative titration, the potential was swept back to re-
reduce the protein. The data were analyzed by using the Nernst equation
[Eq. 5], in which n is the number of electrons (in the present case, n=1),
Eappl is the applied potential, and E0’ is the formal potential of interest
(F= 96500 C mol�1, R=8.31 J mol�1 K�1). An average E0’ value of 0.68 V
versus NHE (pH 6.0) was found with n varying between 0.95 and 1.05.

fraction of CuII ¼ fexp ½ðE00 �EapplÞnF=RT�þ1g�1 ð5Þ
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