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Direct electrochemical response was first time observed for the redox centers of Desulfovibrio gigas [NiFe]-
Hase, in non-turnover conditions, by cyclic voltammetry, in solution at glassy carbon electrode. The
activation of the enzyme was achieved by reduction with H, and by electrochemical control and
electrocatalytic activity was observed. The inactivation of the [NiFe]-Hase was also attained through
potential control. All electrochemical data was obtained in the absence of enzyme inhibitors. The results are
discussed in the context of the proposed mechanism currently accepted for activation/inactivation of [NiFe]-

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogenases (Hases) are multicenter enzymes that catalyse the
interconversion between H, and H*, involved in the sulphate respira-
tion pathway, by which anaerobic organisms get energy, using
hydrogen as an electron donor. Hase is responsible for the hydrogen
metabolism, according to the bidirectional reaction H, = 2H"+2e. In
sulphate reducing bacteria the sulphate reduction occurs on the
cytoplasm and the hydrogen oxidation on the periplasm, and so, the
electron transport is accomplished by redox complexes involving
multiheme cytochromes, with emphasis to cytochrome cs, that seems
to be the preferential physiological partner [1]. The importance of Hase
enzymes is due to its great technological interest for the H, production,
either through the use of the whole cells or the isolated enzymes,
the use in biofuel cells, as biosensors, for its possible role on the
biocorrosion mechanisms and also in possible applications in deconta-
mination of environments [2,3].

There are three different classes of hydrogenases that are classified
based on the metals present in the catalytic center, namely nickel-iron
[NiFe] (a variant is the [NiFeSe] enzymes), iron-iron [FeFe] and non-
iron (metal-free hydrogenase) that in fact was recently proved to
contain Fe and CO [4,5]. The [NiFe]-Hase from Desulfovibrio gigas (Dg)
is a periplasmic enzyme with molecular weight of 89 kDa formed by
two subunits (with 26 and 63 kDa), in which the larger contains the
active site and the smaller one holds three iron-sulfur clusters,
namely one [3Fe-4S] and two [4Fe-4S] [6]. It is currently accepted that
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these clusters function as the electronic pathway to transfer electrons
to the [NiFe]| center. The active sites of the different [NiFe]-Hases
present high structural similarity. The metal center presents one Fe
atom bond to one CO and two CN ligands, which is an unusual
coordination in biology [7]. Ni is coordinated by four cysteines, two of
which form a bridge to the Fe atom. The oxidized form of the protein
presents another ligand in bridge configuration between the Ni and
the Fe atoms. The nature and role of this extra ligand has been
extensively discussed. It is well established that this is an oxygenated
specie, but the exact form depends on the catalytic site activation state
and is still under discussion [8,9]. [NiFe]-Hase presents several redox
states that correspond to active and inactive forms of the enzyme. So
far at least seven different redox states have been identified to be
related with the possible electron and proton transfers and ligand
bonds [4,10]. In the inactive oxidised enzyme two states are described,
the so-called Ni-A “unready” and the Ni-B “ready” species, both EPR
detectable, with Ni signals of S=1/2, and present in the as-isolated
protein [6]. These two forms differ on the required activation time,
with Ni-B being much faster (in a manner of minutes) while Ni-A
requires long time (several hours) under H, to be active. EPR, 70
ENDOR and crystallographic data suggest that the bridge ligand on Ni-
A is a diatomic ligand like O3 [11] while on Ni-B seems to be a
monoatomic oxygen species, also compatible with a hydroxide [9,12].
Ni-A and Ni-B can be further reduced to form EPR silent states,
namely Ni-SU (unready) and Ni-SI (two forms, ready and active) and
the Ni-C, the so-called “active” form, and Ni-R states (fully reduced
form), these last two EPR detectable species [8,9]. A very simplified
scheme showing the main states Ni-A, Ni-B, Ni-C and the silent ready
and active states is shown in Fig. 1. The previous active enzyme was
proved to become inactive by oxidation with O,, in agreement with
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Fig. 1. Simplified scheme showing the main Hase states, namely Ni-A, Ni-B, Ni-C and the silent ready and active-fully reduced states (SI and R). The stoichemistry of the oxygenated

specie that binds to the Ni-Fe center is still under discussion.

the hypothesis that the oxygenated species bond hinders the H,
capture [13].

The discussion remains about the Ni oxidation state during the
catalytic cycle, with the hypothesis of Ni(Ill), Ni(Il) or even Ni(I)
involvement [4]. Although the catalytic mechanism is still under
discussion, one model for the reaction is described as the H, fixation to
the Ni(II) at the Ni-SI form, heterolytic cleavage to form a protonated
intermediate, that may be a bridge hydride between the Ni and the Fe
atoms, assigned as the Ni-C form [14]. Follows the subsequent
production of the reduced state Ni-R and re-oxidation with
regeneration of the Ni-SI, passing by the Ni-C form [15]. Another
pertinent discovery is the presence of a gas channel localized from the
protein surface towards the Ni atom, giving support to the idea that Ni
has the main role on the catalysis mechanism [16]. The proposed
catalytic mechanisms, based on theoretical calculations, for the above
reaction are quite complex, and involve two cycles whether if it is the
H, production or consumption and if the control is electrochemical or
by reduction under hydrogen [4].

Electrochemical techniques are important tools to understand
enzyme mechanisms and the intrinsic electrocatalytic properties and
different approaches are possible such as immobilization by adsorp-
tion like protein film voltammetry [13,17], or by the use of membranes
[18], modified electrodes [19], or in solution [15].

Several studies of the electrocatalytic activity of different hydro-
genases have been performed, where the rate of H, production and
consumption is studied, either with systems where the Hase is
immobilized [13] or using in bulk mediators, such as methyl viologen
[15,20]. Although these studies have been important to enlighten the
catalytic mechanism, the redox signals of the individual metallic
centers were not clearly observed. Armstrong and co-workers were
able to observe some redox features besides the catalytic activity for
Hase isolated from Chromatium vinosum with the enzyme adsorbed
on a rotating pyrolytic graphite disk electrode. These authors have
applied CO which inhibited the catalytic activity of the enzyme
allowing the observation of two redox peaks [21].

In the present work we were able to observe, for the first time, without
using any inhibitors, the electrochemical response of [NiFe]-Hase redox
centers, in non-turnover conditions, tuned by electrochemical control. Dg
Hase direct electrochemical behaviour was studied, by cyclic voltammetry,
in solution at glassy carbon electrode. Direct electron exchange between
the electrode and the enzyme was successful. The activation of the enzyme
was achieved by H, reduction and by electrochemical control and

electrocatalytic activity was observed. Inactivation of [NiFe]-Hase was
also attained through potential control, by cyclic voltammetry.

2. Experimental
2.1. Purification

All purification procedures were performed at 4 °C starting from a
Dg cell-free crude extract. A more straightforward purification scheme
involving less steps and using DEAE-52, Superdex 75 and HTP columns
was introduced in order to improve the purification of hydrogenase
described before [22]. Purity was verified by electrophoresis and visible
spectroscopy (purity ratio A4oo/A2g0=0.27). The EPR patterns obtained
(not shown) confirm that the protein was purified in the Ni-A state.

2.2. Electrochemical studies

The potentiodynamic measurements were performed with a Poten-
ciostat/Galvanostat AUTOLAB PGSTAT 12. One compartment electroche-
mical cell was used. Glassy carbon (GC) and pyrolytic graphite (PG) were
used as working electrodes with diameters of 3 and 4 mm, respectively.
The counter electrode was a Pt wire and the reference was a saturated
calomel electrode (SCE). The potential values in the text are reported in
the normal hydrogen electrode (NHE) reference. The working electrodes
were previously treated by immersion in concentrated nitric acid and
polished with alumina with different grades, then immersed in Millipore
water in an ultra-sound bath and finally thoroughly rinsed with Millipore
water. The experiments were performed with the protein in bulk solution
with concentrations 1-3 pM. The electrolyte composition was 25 mM
Tris-HCl, Acetate, CHES or Phosphate buffer/0.1 M NaCl/1 mM neomicyn
sulfate. The cyclic voltammetry (CV) was performed at different scan rates
(from 2.5 mV/s to 2 V/s).

3. Results and discussion
3.1. Activation under H,

Electrochemical experiments with Dg [NiFe]-Hase was attained
with the protein in bulk solution (Fig. 2). It was possible to observe the
direct electrochemical response of the Dg Hase either using the GC or
the PG electrode. The cyclic voltammograms, in anaerobic conditions
(anaerobic chamber, <20 ppm O,), with a dilute 2 pM solution,
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Fig. 2. Cyclic voltammograms of a dilute 2 uM Hase solution (black dashed line) in an
anaerobic chamber (<20 ppm 0O,), V=50 mV/s, at GC electrode, after previous activation
with H, by overnight incubation at 4 °C, at pH 7, and control obtained without Hase (black
solid line). Inset: the same conditions after repetitive cycling followed by a resting period
at the open circuit potential (1st scan black line, subsequent scans grey line).

obtained after previous activation with H, by overnight incubation at
4 °C, at pH 7, (¥=50 mV/s) show a reduction peak at approximately
-0.40V, corresponding to the reduction of protons and the formation
of H,. After multiple cycles and a resting period at open circuit
potential until its stabilization, the electrochemical pattern changes
and the subsequent cycles show two current crossings resulting from
the fact that the reverse scan present lower current than the forward
one (in the scanning cathodic direction). The first current crossing
occurs at the potential value of -0.278 V, previous to the development
of a cathodic current wave, with a maximum around -0.108 V, and the
second crossing point at —0.027 V. The cathodic peak due to the H"
reduction reaction, is observed at a considerably higher potential
value (-0.108 V) than in the first assay performed with the enzyme
activated by H, incubation. The initial forward scan does not present
any cathodic peak. The potential at which the cathodic peak is
observed on the reverse scan and the current crossings are indicative
of the lower energy necessary to promote the hydrogen reduction
reaction. The observed current crossings, are probably due to the
formation of a hydride [23,24] bond between the nickel and iron
atoms of the active protein site. After the observation of these current
crossings, the subsequent scans present the characteristic shape of the
catalytic current peak, in which the current starts to develop at
-0.008 V in contrast with the higher potential value observed
immediately after the chemical activation of Hase. The difference in
the observed potential values at which the catalytic current develops
between the first cycle where the Hase was activated by H, incubation
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Fig. 3. Cyclic voltammogram of the Dg Hase in a dilute solution (3 uM), obtained in
anaerobic conditions, at pH 7, with different scan rates from 2.5 mV/s to 2 V/s at the PG
electrode. In the figure are plotted the first scans of each scan rate.

only and in the later potential sweeps in which the protein has been
already subjected to multiple potential cycles may be indicative of the
lower energy needed to release the H, produced in the later case. This
fact seems coherent with an “electrochemical activation” of the
enzyme. The lower energy requirement for the reduction of H* (or H')
may be related to a mechanism intermediate, in this case a hydride,
and we may be observing the H+/He production from the break of the
hydride bridge with the Ni atom.

The H'/H, potential variation suggest that we are observing two
different mechanisms by which the reaction occurs on Hase. This is in
agreement with previous suggestions, based on density functional
theory (DFT), that two different pathways are possible whether the
potential control is made by imposing a H, pressure and reduction or
if it is imposed electrochemically [4]. In the mentioned proposed
mechanism the electrochemical controlled catalytic cycle predicts a
very fast Ni(I) intermediate. This last assumption is not absolutely
clear from the electrochemical data obtained at pH 7.6, although a
small reduction wave observed at a more negative potential value of
-0.408 V may be related with this reduced Ni form. This signal is
better seen at lower pH (later on the text).

Another set of experiments was performed to study the scan rate
variation effect on the catalytic current peak. The protein incubated with
H, was subjected to multiple scans, with different scan rates (2.5 mV/s to
2 V/s), but, contrarily to the former assays, without a resting period. The
resulting voltammograms (Fig. 3) show a clear variation in the catalytic
response pattern, that change from a typical catalytic sigmoidal curve for
the smaller scan rates to a broad wave, characteristic of a diffusion
controlled process. It was not possible, however, to completely eliminate
the catalytic reaction even with the maximum scan rate applied (2 V/s)
due to the high turnover of this enzyme [17,25]. It should be noted that
the maximum of the catalytic current peak is observed at lower potential
values than the obtained for the same conditions, before the imposed
resting period, shown before, suggesting that the multiple potential
cycling has electrochemically activated the enzyme.

3.2. Redox centers response

The same experimental conditions were tried but with no previous
activation step of the enzyme. The enzyme was purified in aerobic
conditions and it was kept that way previous to the electrochemical
assay. In these conditions, it was possible to observe the direct
electrochemical response of the metallic centers of the [NiFe|-Hase by
cyclic voltammetry (Fig. 4). Three redox processes can be identified,
namely the cathodic process designated by I, around -0.36 V, process
Il at -0.258 V with the anodic counterpart at -0.098 V and the well
defined redox couple, III, at -0.078 V and 0.008 V, respectively the
cathodic and anodic peaks. A comparison with the literature values
obtained by electrochemical techniques and by EPR and Mdssbauer
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Fig. 4. Cyclic voltammogram of the Dg Hase in a dilute solution (3 LM), obtained in anaerobic

conditions, at pH 7,v=50 mV/s, using the GC electrode. The voltammogram is the result from
the blank subtraction for better observation of the redox processes of the enzyme.
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spectroscopies together with a closer look to the structure of the
enzyme was done in order to assign the observed redox processes
[6,21,26]. Processes I and II were attributed to the [4Fe-4S]q;s cluster
and Ni (I1I/11), respectively. The well defined process Il may be due to
the [3Fe-4S] cluster because of its higher potential value [21,27,28].
Although the [3Fe-4S] clusters can undergo to one or two electron
processes, from our data and considering an approximation to a
reversible process in bulk, the number of estimated electrons
associated with the redox process Il was 0.90+0.13, so we have
concluded that this cluster undergoes a one electron transfer reaction.
So the difference in size between the different centers must be
attributed to its possible different accessibility and electron transfer
kinetics. The estimated midpoint potential, E°** was —0.032 V.

Reduction of the protein at -0.558 V during different times
followed by the potential scan in the anodic direction (-0.558 to
0.242 V) results in the observation of a new anodic wave, I, around
-0.36 V, and to a better definition of process II, at -0.088 V, related
with the cathodic processes designated by I. and Il. showing the
reversibility of the processes (Fig. 5). A new sharp anodic peak appears
at -0.258 V that should be due to the oxidation of the hydrogen
produced at -0.558 V [25]. This phenomenon arises because the long
reduction time probably implies the accumulation of an amount of
adsorbed molecules to the electrode surface large enough to allow its
oxidation to be detectable in the time scale of the technique.

This was the first time, to our knowledge, that these redox centers
were observed in non-turnover conditions and without the use of any
enzyme inhibitor.

3.3. Electrochemical activation

The same experimental conditions as in the previous assays, with
the protein in bulk solution, were again tried, with no previous
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Fig. 5. Cyclic voltammograms of the Dg Hase in a dilute solution (3 puM), obtained in
anaerobic conditions, at pH 7, =100 mV/s, at the GC electrode; the potential was kept
at —=0.558 V previous to the scan in the anodic direction for 0 s (dashed line) and 600 s
(solid line), A) full range window and B) amplification to clearer observation of the H,
oxidation signal.
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Fig. 6. Cyclic voltammogram of the Dg Hase in a dilute solution (3 uM), obtained in
anaerobic conditions, =5 mV/s at pH 4.5 and at the GC electrode; A) 1st (solid line) and
3rd cycles (dashed line), inset: larger view of the potential window 0 to -0.6 V and B)
after electrochemical activation with multiple scanning and a resting period (45 min) at
the open potential (solid line) and the control assay (dashed line), inset: the same
experiment at pH 5 (solid line) and the control assay (dashed line); it is possible to see
the extra redox process assigned to Ni (II)/(I) (arrow).

activation of the enzyme. Next experiments were again performed on
strict anaerobic conditions (anaerobic chamber). The electrochemical
activation of the Hase was achieved by multiple cycling between +0.192
and -0.958 V at low scan rate (5 mV/s). The cyclic voltammograms
obtained show again current crossings, around -0.558 V, simulta-
neously with some hydrogen evolution reaction. It should be noted (see
inset of Fig. 6A) that a cathodic wave develops, on the first cycle, on the
forward scan, around -0.22 V. The reverse scan, after the current
crossing, shows a smaller anodic wave at -0.058 V. These cross-cuttings
may be related with the adsorption of Hydrogen on the Ni-Fe center
during the process of the hydrogen fixation and/or hydride formation
[24]. Other hypothesis to explain the current cross-cuttings are related
with changes in the enzyme/electrode interface, namely adsorption/
desorption processes of the Hase on the glassy carbon. However, assays
where the electrode, after being subjected to multiple scans in the
presence of Hase, was removed rinsed with Millipore water and then
immersed in the same electrolyte but in the absence of Hase, did not
revealed any electrochemical features that could be related with
adsorption of Hase. For this reason, in our experimental conditions,
the cross-cuttings were attributed to changes in the Hase centers.
Despite these results a deeper surface analysis should help to elucidate
this point and it is planned in future work.

After cycling, a resting period at the open circuit potential was
imposed, after which the same potential window was tested. The
result was a typical catalytic current, showing that the electrochemical
activation of the Hase was well succeeded. The catalytic waves
midpoint potential for the enzyme activated o/n in a hydrogen
atmosphere (Fig. 2) and for the Hase electrochemically activated are
different, namely in the first case -0.051 V and in the second -0.281 V.
This may result from the activation/catalysis mechanism that may be
different in the two cases.
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Fig. 7. Cyclic voltammogram of the Dg Hase in a dilute solution (2 uM), in anaerobic
conditions, ¥=50 mV/s, pH 7.6, at the PG electrode; A) 1st (dashed line) and 2nd (solid
line) scans in a wider anodic potential range and B) after inactivation in a wider
potential range, 1st (dashed line) and 2nd (solid line) scans.

The Hase electrochemical activation was tested at different pH
values. Besides the catalytic current, the subsequent voltammogram
after the electrochemical activation, obtained at pH 5 or below, display
another redox process at a more negative potential (see inset of
Fig. 6B). This cathodic wave after the catalytic process is probably due
to a second reduction of the Ni atom, probably from Ni(II) to NI(I). This
is in agreement with published data, namely potential values obtained
by redox titrations [21], together with EPR experiments and
theoretical calculations that point to the existence of a possible two
electron reduction that would remove the hydride and generate a Ni(I)
specie [29]. Some studies have proven the existence of a paramagnetic
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Ni-L state that is obtained from the reduction of Ni-C upon
illumination and at cryogenic temperatures. This was proved to be a
reversible reaction that reverts to Ni-C with the temperature increase.
DFT calculations showed that this state is related with the loss of a
proton from the bridging position between Ni and Fe atoms resulting
in a formal oxidation state Ni(I) that seems in good agreement with
the g-values obtained experimentally [30]. In our assays, the driving
force energy obtained at low potential values such as the imposed to
the system at which the signal attributed to the Ni(Il)/Ni(I) redox
couple is observed, namely —0.86 V, is probably enough to achieve this
state. The Hase electrochemical activation was only possible to
achieve in strict anaerobic conditions. Outside the anaerobic chamber,
even with highly degassed solutions with an argon flux, it was not
possible to accomplish this potential modelling activation. This is
probably due to the high sensibility to oxygen presented by the Dg
[NiFe]-Hase [31] and the role of the non-active forms of the enzyme
with oxo/hydroxo bridge species between the Ni and Fe atoms.

3.4. Electrochemical inactivation

Another set of experiments was made with Dg [NiFe]-Hase in bulk,
in which a different potential window was tried, again in strict
anaerobic conditions and pH 7.6. The goal was to inactivate the
enzyme through potential tuning. An already electrochemically
activated enzyme sample was submitted to multiple cycling in a
different potential range, where the anodic limits were higher, namely
from —0.05 V to 0.192 to 0.542 V, in a solution with pH 7.6. The first
scan, beginning at the open circuit potential, in the cathodic direction,
results in a typical active Hase feature, where the H* reduction wave is
well defined. On the second cycle, however, after the protein has been
subjected to the higher potential scanning, is already possible to see
the inactivation (Fig. 7A). The redox centers mentioned before could
again be observed, and no response due to hydrogen reduction can be
observed (inset of Fig. 7A). It should be noted that the redox processes
observed on Fig. 4, resultant from the non-activated enzyme, and the
ones observed on Fig. 7A (inset) present conformity between the
potential values. The potential window is different in the two
experiments, wider in Fig. 4 (cathodic limit —0.458 V) assay than in
the inset of Fig. 7 (cathodic limit -0.258 V) which hinders the
observation of process I. Process Il presents a small 40 mV difference
between the two assays, that may be due to the different inactivation
methods.

In a wider potential window (Fig. 7B) is possible to observe, beside
the redox signals mentioned before, the development of new signals

H*

Fig. 8. Schematic representation of the proposed pathway for the Hase catalytic cycle under electrochemical control, with the correspondent voltammetric features.
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at more anodic potential values, around 0.20 V. These last anodic
processes may be associated with the formation of the Hase forms
with the oxo/hydroxo bridge ligand. In fact the shape and potential
domain of the above current peaks is quite similar to the ones
observed by cyclic voltammetry for some nickel inorganic systems
where the development of the metal hydroxides and other oxyge-
nated species are described [32,33]. In the second cycle new cathodic
processes, in two different regions, around -0.15 V, that are probably
due to the reduction of the previous formed hydroxo/oxo species.
These anodic features are better observed at higher pH, namely
around 7, than in lower pH values (4-5), which seems consistent with
the literature where the formation of these type of nickel oxo/
hydroxides are reported in alkaline media [32].

After the described inactivation through the potential control, the
electrochemical reactivation becomes very difficult. Indeed, application of
the same electrochemical activation conditions as before the inactivation
step did not result in the recovery of the initial current intensity for the
hydrogen reduction (the maximum achieved for the reactivation was
about 30% from the initial current intensity), which reflects the stability of
the enzyme inactive forms and the poor reversibility of the reactions of the
Hase with oxygen, as observed by other authors [17].

3.5. Electrochemical catalytic mechanism

Based on spectroscopic data [6,34] and theoretical calculations, as
mentioned before, two different pathways have been proposed for the
[NiFe]-Hase catalytic cycle, when the control is chemical by exposure
to Hy, or electrochemical [4,6,34]. Putting together all the electro-
chemical observations made for active and inactive states of the
enzyme, we accommodate the experimental results into the frame
currently proposed for the Hase activation/inactivation process under
electrochemical control (Fig. 8). In this representation we assume that
either starting with Ni-A or Ni-B species we can activate the enzyme
electrochemically in a step that involves the hydride bridge formation
and the simultaneous reduction of Ni(IlI) to Ni(II). The catalytic cycle
proceeds with the H, release and the Ni reoxidation and restoration of
the hydride bridge. After the hydrogen molecule release the Ni (II) can
be further reduced ton a Ni (I) state that does not seem, however, to be
catalytically relevant.

4. Conclusions

In this work we were able to observe the direct electrochemistry of
the Dg Hase, in bulk solution and immobilized with a membrane, in
turnover and non-turnover conditions. For the first time the redox
features of the enzyme metallic centers in non-catalytic conditions
and without the addition of any of the known enzyme inhibitors were
attained. Besides, we were able to tune the activation and inactivation
of the Hase by dynamic potential control, where the formation of the
hydride bridge was confirmed to be determinant.
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