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The controlled and oriented immobilization of redox proteins
on electrode surfaces constitutes an attractive goal in bioelectro-
chemical research for fundamental studies of enzymatic catalysis,
biotechnological applications, and mainly for obtaining direct
electron transfer (DET). To achieve this, it is necessary to have
good structural knowledge of the used redox enzymes and to
develop efficient methods of electrode derivatization.1

In this work, we report the covalent bonding ofDesulfoVibrio
gigashydrogenase to a functionalized carbon electrode in such a
controlled manner that DET between enzyme and electrode can be
achieved. Hydrogenases catalyze the oxidation of H2 in a reversible
way, thus their immobilization on electrodes has potential interest
for biological fuel cells development.2 DET has been reported by
physical adsorption of different hydrogenases on carbon electrodes.3

Although very high catalytic currents may be obtained,4 this
immobilization method has the drawbacks of low enzyme stability
on the electrode, probably due to its leakage into the bulk solution,
and the lack of control on the immobilization process.3a,b,f,5 More
stable or controlled methods of hydrogenase immobilization on
electrodes have been reported, but DET was not obtained in those
cases.6

The rationale of the strategy reported in this work is based on
the structural properties of theD. gigashydrogenase. The crystal-
lographic structure indicates that the enzyme has an electron transfer
pathway formed by three iron-sulfur clusters that connects the Ni-
Fe active site, where heterolytic cleavage of H2 takes place, to the
protein surface, where electrons are exchanged with the redox
partner of the hydrogenase. The so-called 4Fe4S distal cluster,
which is the farthest from the active site and the nearest from the
protein surface, is surrounded by several glutamic residues.7

Therefore, our aim has been to link covalently the hydrogenase to
the electrode by formation of an amide bond between these glutamic
amino acids and a carbon electrode functionalized with a monolayer
of amine groups to achieve DET. However, as carboxylic acid
groups are located in different parts of the enzyme surface, correct
orientation of the enzyme molecule with the distal 4Fe4S cluster
facing the electrode surface during covalent bond formation is
necessary for obtaining efficient DET. Figure 1A shows the surface
electrostatic potential distribution obtained from the 3D structure
of D. gigas, which indicates the existence of a dipole moment in
the enzyme molecule. Figure 1B shows that the distal 4Fe4S cluster
is located in the negative region of the protein surface; thus during
the enzyme immobilization step, it is possible to control the
orientation of the enzyme molecules by electrostatic interactions.
Such interactions should mimic the electrostatic interactions that
most probably control electron transfer between hydrogenase and
their in vivo redox partners.8

Functionalization of carbon electrodes with a monolayer of amine
groups has been carried out in this work using the method developed
by Saveant and co-workers of electrochemical reduction of aryl
diazonium salts. It has proven to be a versatile, reliable, and robust
way for creating functionalized monolayers on carbon electrodes.9

Despite extensive work done on the characterization and application
of these modified surfaces in the last years, the method has seldom
been used for redox enzyme coupling to carbon electrodes, and in
those few cases, electron transfer was done via diffusing redox
mediators.10 Figure 2A shows cyclic voltammograms obtained after
covalent coupling ofD. gigashydrogenase at low ionic strength to
pyrolytic graphite electrodes modified with a monolayer of 4-amino-
phenyl groups.11 In the case of hydrogenase immobilization at pH
7.6, no catalytic current is observed in the presence of H2 substrate
if no redox mediator (methyl viologen, MV) is added in solution,
whereas in the case of hydrogenase immobilization at pH 6.0, a
clear catalytic current is measured in absence of the redox mediator,
indicating DET between the enzyme and the electrode.12 A pKa of
6.9 has been measured by capacitance experiments for a monolayer
of 4-aminothiophenol groups on gold,13 so a similar value should
be expected for our monolayer. Thus, at pH 6.0, most of the amine
groups are protonated, and the electrode surface has a strong positive
charge that should favor oriented enzyme immobilization according
to its dipole moment, that is, with the 4Fe4S cluster facing the
electrode, and allowing DET. At pH 7.6, most of the amine groups
of the modified electrode should not be protonated, and hydrogenase
immobilization is expected to proceed without electrostatic control,
resulting in random orientation and no efficient DET. On the
contrary, nonmediated catalytic current for hydrogen oxidation was
measured with hydrogenase covalently bound at pH 7.6 to a gold

† CSIC, Madrid.
‡ CNRS, Marseille.

Figure 1. Three-dimensional structure ofD. gigashydrogenase obtained
from the Brookhaven Protein Data Bank. (A) Surface electrostatic potential
distribution: negative regions (red), positive regions (blue), direction of
the dipole moment (yellow arrow). (B) Position of the distal 4Fe4S cluster
(green), large subunit (cyan), and small subunit (red) relative to the dipole
moment. The direction and magnitude (564 D) of the dipole moment of
the crystal structure were calculated with GRASP software.
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electrode modified with a cystamine monolayer (Supporting
Information). In this later case, the pKa of the amine groups of the
monolayer should be approximately 8.5.14 However, the operational
stability of these hydrogenase electrodes is low due to the desorption
of the thiol self-assembled monolayer at negative potentials.15

Control experiments in which the hydrogenase was just deposited
on the modified electrode (carbon or gold) without covalent bond
formation gave no direct or mediated catalytic currents, probably
due to the low stability of the enzyme adsorbed on the electrode
(not shown).

Further experimental evidence in favor of electrostatic interac-
tions modulating the orientation of hydrogenase during immobiliza-
tion was obtained by cyclic voltammetry of electrodes prepared at
different ionic strength (Figure 2B). The electrode prepared at very
high ionic strength, at which electrostatic interactions between the
electrode surface groups and the enzyme molecules should be
screened, hardly gave any catalytic current in absence of redox
mediator, despite having very similar mediated catalytic current to
the electrode prepared at lower ionic strength, which suggests that
in both cases the coverage of active hydrogenase is similar. The
ratio between direct and mediated electrocatalysis of covalently
bound hydrogenase increased as the ionic strength of the medium
during the immobilization step was decreased (Supporting Informa-
tion).

The operational stability of the hydrogenase-modified carbon
electrodes was high; 90% of the initial catalytic current was
maintained after 1 week in continuous measurement under 1 atm
H2 bubbling at room temperature.

In summary, we have developed a robust and controlled
immobilization method of hydrogenase onto carbon electrodes based

on electrostatic interactions directing the correct orientation of the
enzyme for DET. This method could be applied to other redox
enzymes.
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Figure 2. Cyclic voltammograms of H2 oxidation catalysis with pyrolytic
graphite electrodes modified with covalently bound hydrogenase. Measure-
ment conditions were 100 mM phosphate buffer, pH 8.0, 20 mV/s scan
rate, room temperature. (A) Electrodes modified with hydrogenase at 0.01
M ionic strength and different pH: pH 6.0 under N2 (thick solid line) and
after 5 h under H2 (thick dashes) without MV; pH 7.6 after 5 h under H2

without (dots 1) and with 1.25 mM MV (crosses 2). The thin solid line is
a control experiment with 1.25 mM MV and no immobilized hydrogenase.
(B) Electrodes modified at pH 6.0 and different ionic strengths: 0.02 M
without (thick solid line) and with 1.25 mM MV (thick dashed line); 1.0
M without (thin solid line) and with 1.25 mM MV (thin dashed line). The
voltammograms were done after 5 h under 1 atm H2 in order to obtain full
activity of the immobilized hydrogenase.16
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