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Abstract: Dynamic electrochemical studies, incorporating catalytic voltammetry and detailed potential-
step manipulations, provide compelling evidence that the oxidized inactive state of [NiFe]-hydrogenases
termed Unready (or Ni-A) contains a product of partial reduction of O2 that is trapped in the active site.

Introduction

The biological hydrogen cycle is attracting considerable
interest, not only because of its fundamental importance in
microbiology and biochemistry, but also in regard to the
technological implications of understanding the properties of
the enzymes that are involved. Hydrogenases are found both in
prokaryotes and in eukaryotes,1-3 where they catalyze the
interconversion between H2 and protons, as shown in eq 1:

There are two main classes of hydrogenase: [FeFe]-hydro-
genases, in which Fe is the only metal at the active site, and
[NiFe]-hydrogenases, which contain a Ni and an Fe atom at
the active site. In this paper, we describe novel electrochemical
kinetic experiments on the prototypical [NiFe]-hydrogenase from
AllochromatiumVinosum. [NiFe]-hydrogenases consist of a large
subunit (60 kDa) containing the [NiFe] active site and a small
subunit (30 kDa) containing at least one [4Fe-4S] cluster. The
crystal structure of the hydrogenase fromDesulfoVibrio gigas,4,5

which contains the same prosthetic groups as theA. Vinosum
enzyme, shows that the small subunit houses a series of three
Fe-S centers- a [4Fe-4S] cluster closest to the [NiFe] site
and called the “proximal” cluster, a “medial” [3Fe-4S] cluster,
and a [4Fe-4S] cluster close to the protein surface called the
“distal” cluster. These clusters act as a “wire” to transfer

electrons to and from the buried active site, as well as a reservoir
able to store up to three electrons. The medial cluster has a
much higher reduction potential (ca.-30 mV) than the distal
and proximal clusters (ca.-300 mV).6 Hydrogen molecules are
believed to enter or leave the active site through a “gas channel”
that is revealed crystallographically by the binding of Xe atoms
(when the crystal is placed under high-pressure xenon) and by
molecular dynamics calculations.7 The active site, shown in
Figure 1, contains unusual small ligands coordinated at the Fe
atom: these have been identified as one CO and two CN-.5,8-12

Four cysteine sulfurs are coordinated, two bridging between the
Ni and Fe atoms and two as terminal ligands to the Ni atom.
Figure 1 shows that an additional bridging ligand of variable
nature (thus represented as “X”) is also present in some states
of the enzyme. The nature of this ligand as it exists in inactive
states is addressed in this paper.

The various states of the [NiFe]-center are distinguished by
spectroscopic methods, notably EPR and FTIR12 (see Scheme
1). At least three redox states are proposed to be directly
involved in catalysis: these are called Nia-S (or Ni-SI), Nia-
C*, and Nia-SR.1,13-15 The two most oxidized states called
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“Unready” (variously Niu* or Ni-A) and “Ready” (variously
Nir* or Ni-B) are inactive and need to be activated by
reduction.16 (The asterisk indicates that the state is EPR-
detectable.) Aerobically purified enzyme fromA. Vinosum
contains a mixture of the Ready and Unready states, and it is
noted that the Ready state activates rapidly upon contact with
H2, whereas activation of the Unready state by incubation with
H2 takes hours. Throughout this Article, we will use the terms
Ready and Unready because they emphasize the kinetic distinc-
tion that we are addressing. The oxidation levels of the enzyme
are defined also by the oxidation states of the three Fe-S
clusters, which are included by adding the shorthand notation
contained in brackets (o) oxidized, r) reduced, for clusters
listed in the order proximal, medial, distal). Thus, Nir*(oro)
refers to the Ready state in which the medial cluster is reduced
and the proximal and distal clusters are oxidized. For theA.

Vinosumenzyme, procedures have been developed to oxidize
samples so that either the Ready or the Unready state is formed
preferentially.17 The best method of preparing the Ready state
is to dilute H2-reduced enzyme at pH 9 into O2-saturated
buffer: this produces 95% in the Ready state. A good way to
prepare Unready is to take H2-reduced enzyme at pH 6, replace
the H2 with CO, and slowly admit O2.

In the presence of redox mediators, the Unready and Ready
states can be converted in one-electron reactions to their
respective reduced states Niu-S (Ni-SU) and Nir-S (Ni-SI),
both of which are EPR-silent and catalytically inactive but
distinguished on the basis of their IR bands that arise from the
CO and CN- ligands. Reduction of Unready to Niu-S is
reversible, although above 30°C, Niu-S converts slowly to the
inactive Nir-S state which converts further to the active states
Nia-S, Nia-C*, and Nia-SR.18 The EPR-detectable Nia-C*
state is believed to have a hydride ligand bound to the Ni-Fe
site in a bridging position.10,19-21

From previous crystallographic studies, the main structural
difference between active and inactive states, represented in
Figure 1, appears to be the presence of an additional ligand be-
tween the Ni and Fe atoms.5,22,23However, theD. gigasenzyme
used to obtain crystals for those studies was a mixture of several
states: EPR analysis of the crystals showed 50% of Ni sites to
be EPR-silent, while of the remaining half, 85% was Niu* (Un-
ready) and 15% was Nir* (Ready).4 The EPR-silent enzyme mol-
ecules were not in an active or Nir-S state, because development
of full H2-uptake activity required hours of incubation under
H2. Enzyme thus prepared was mainly in the Niu* or Niu-S
states. When reducedA. Vinosumhydrogenase in H216O was
oxidized by17O2 to produce mixtures of Niu* and Nir*, the EPR
spectra of either product displayed line broadening due to a
magnetic interaction between Ni(III) and a nearby17O nucleus.24

The bridging ligand detected in the crystal structure was
therefore suggested to be oxygenic. An OH- ligand was
proposed and has since remained the favored candidate, certainly
in either of the oxidized inactive states Niu* and Nir*.

However, the specific structural differences between the
Ready and Unready states that account for their contrasting rates
of activation have not been resolved.4,5,17,22,25-28 Recent studies
by Carepo et al,28 in which reduced enzyme in H217O was
reoxidized by16O2, indicated that the Unready state of theD.
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Figure 1. Structures of the catalytic center of [NiFe]-hydrogenases as
summarized from existing crystallographic data. Inactive states contain an
extra ligand (X) in a bridging position between the Ni and Fe atoms.

Scheme 1. Simplified Overview of the Spectroscopically
Characterized States of the Ni-Fe Active Site of
[NiFe]-Hydrogenases (those states marked with an * are EPR
detectable)
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gigas enzyme contains an oxygen species derived from the
solvent. Work by Bleijlevens et al.17 showed that a specific
proton hyperfine splitting was present in the Nir* state, but not
in the Niu* state. It was further suggested that in the Nir* state
a hydroxo group might be terminally bound to Ni, whereas in
the Niu* state it is bridging between the Ni and Fe atoms.
Another suggestion, based on density functional calculations,
is that Ready and Unready both contain a bridging hydroxide,
but differ in the position of a nearby carboxyl group that can
form a hydrogen bond to one of the terminal cysteine-S atoms
coordinated to the Ni.22 These structural differences could
conceivably present a sufficiently large barrier to account for
the dramatic differences in activation kinetics for the two
species. However, these proposals also suggest that Unready
and Ready should interconvert, but no firm evidence for this
has been reported.

The conventional way to measure H2 oxidation activity is to
monitor reduction of a redox dye such as a viologen.1,29

However, for investigating an enzyme as complex as a hydrog-
enase, this approach represents a rather blunt tool. The technique
used in this paper, protein film voltammetry (PFV), which is
the dynamic electrochemistry of protein molecules confined to
an electrode surface, allows detailed studies of the catalytic
action of a minuscule sample of redox enzymes as a direct and
variable function of the electrode potential.30,31Provided electron
transfer with the electrode is fast, the electrochemical measure-
ments reflect the intrinsic chemistry of the enzyme. Importantly,
the catalytic current is directly related to the catalytic rate in a
particular direction (negative) reduction; positive) oxidation).
Thus, the rate of change of current is the rate of change of
catalytic rate, that is, the rate of the activation or inactivation.
The electrode coated with enzyme can be transferred between
different solutions, such as buffers at different pH. Moreover,
dissolved gases can be varied easily, simply by exchanging the
gas in the headspace of an enclosed electrochemical cell.

Investigations ofA. Vinosum[NiFe]-hydrogenase adsorbed
on a rotating disk pyrolytic graphite “edge” (PGE) electrode
have shown that the active site oxidizes H2 at a rate that is
comparable to an adsorbed Pt catalyst, as used in commercial
fuel cells.6,32,33The opportunities to study fundamental properties
of the active site were obvious, and recent studies focused on
the anaerobic electro-oxidation reaction and the reductive
reactivation of the product, which was assigned as the Ready
state.34 In this investigation, we address the nature and properties
of the Ready and Unready states that are formed when [NiFe]-
hydrogenase is exposed to O2. The problem is of physiological
relevance because many organisms that produce hydrogenases
(such asAllochromatiumVinosum) also utilize O2 in their life
cycles. The question then is how the organisms manage to avoid
or minimize the loss of hydrogenase activity when O2 is present.
The experiments probe the quantitative requirements for forma-
tion of Unready under different conditions of turnover and

electron availability and provide important information on the
kinetics of its reactivation.

Materials and Methods

The [NiFe]-hydrogenase fromA. Vinosum (AV) was prepared as
described previously.18 All experiments were carried out in a glovebox
(M. Braun) under an anaerobic N2 atmosphere (O2 < 2 ppm). The ro-
tating disk pyrolytic graphite “edge” (PGE) electrode was constructed
as described previously35 and was used in conjunction with an EG&G
M636 electrode rotator. All electrodes were polished with a 1µm alu-
mina slurry (Buehler) and sonicated thoroughly before each experiment.
A three-electrode system was used in conjunction with an all-glass
electrochemical cell that was equipped with an “o”-ring gasket: this
gasket gave a snug fit around the electrode rotator, sealing the internal
headspace of the electrochemical cell from the glovebox atmosphere.34

This design allowed gases to be introduced quickly and reliably at a
constant pressure through inlet and outlet sidearms, and less than 5
min was required to achieve complete equilibration with the cell solution
(typically 3 mL) when the electrode was rotated, with the cell
temperature at 45°C. The counter electrode was a piece of platinum
wire, and the reference was a saturated calomel electrode (SCE) situated
in a Luggin sidearm filled with 0.1 M NaCl. The main cell compartment
was jacketed and thermostated at the required temperature, while the
reference electrode sidearm was well separated and kept at a constant
temperature (a nonisothermal configuration). The reference potential
was corrected with respect to the standard hydrogen electrode (SHE)
by usingESHE ) ESCE + 242 mV at 25°C.36 All values given in this
Article have been adjusted to conform to the SHE scale.

Linear sweep/cyclic voltammetry and chronoamperometry were per-
formed using an Autolab PGSTAT 20 or PGSTAT 30 electrochemical
analyzer (Eco Chemie, The Netherlands) controlled by GPES software
(Eco Chemie, The Netherlands) and equipped with a digital staircase
scan generator and an electrochemical detection unit (ECD) for in-
creased sensitivity. Voltammograms were recorded in digital mode,
with the fractional sampling duration (R) ) 0.5. Tests carried out with-
out enzyme on the electrode showed no currents due to H2 oxidation
or proton reduction over the range of at least 400 to-650 mV. Chro-
noamperometric experiments were carried out by sampling the current
every second following the potential step (duration of step, 1 s).

A mixed buffer system was used in all experiments. This consisted
of 15 mM in each of sodium acetate, MES (2-[N′-morpholino]ethane-
sulfonic acid), HEPES (N′-[2-hydroxyethyl]-piperazine-N′-2-ethane-
sulfonic acid), TAPS (N′-tris[hydroxymethyl]-methyl-3-amino-propane-
sulfonic acid), and CHES (2-[N′-cyclohexylamino]ethane-sulfonic acid),
each purchased from Sigma, with 0.1 M NaCl as supporting electrolyte.
All solutions were prepared using purified water (Millipore: 18 MΩ
cm) and titrated with NaOH or HCl to the desired pH at the
experimental temperature. A coadsorbate, polymyxin B sulfate (from
a stock solution), was added to all cell solutions (final concentrations
of 200 µg mL-1) to stabilize the protein film. After each experiment,
a sample of the cell solution was taken, and the pH was checked at the
appropriate temperature. The gases N2 and H2 were obtained from Air
Products, and CO was obtained from BOC. Stock solutions of O2-
saturated buffer were prepared by taking a portion of the pH-adjusted
buffer, placing it in a suba-sealed vial, and bubbling pure O2 through
it for 3 min. Concentrations of O2 were estimated by assuming that the
concentration in the stock solution injected into the cell was that
expected for equilibrium with 1 bar at room temperature, that is,
approximately 1 mM at 45°C.37

After polishing and sonicating the PGE electrode before each
experiment, a film of hydrogenase was prepared by placing the electrode
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in a dilute solution of the enzyme (0.1-1.0 µM hydrogenase, pH 6.0
or 7.0, 45°C, containing 20 mg/mL polymyxin B sulfate) under N2.
The electrode potential was cycled between-558 and+242 mV versus
SHE at 10 mV s-1 until a stable catalytic response was obtained, as
described previously.6 The electrode was either rotated at 300 rpm
(which generally gave a slightly improved coverage, and only proton
reduction was monitored) or held stationary (which allowed the progress
of adsorption to be monitored also through the intense peak produced
by reoxidation of the H2 formed by enzymatic proton reduction and
remaining at the electrode). This typically required 20 min. The enzyme
solution was then removed from the cell and replaced with fresh buffer
(typically 3 mL) to avoid problems arising from exchange of enzyme
between electrode and bulk solution. As a precaution, the electrode
with the enzyme film was then held at-550 mV under H2 at 45 °C
for 30 min, to ensure the whole sample was in the active form.38

When H2 is first introduced into the cell, the electrode exhibits
diffusion-controlled H2 oxidation.6,32,33 This causes a problem when
trying to monitor subtle changes in enzyme activity (diffusion control
masks the details of the catalytic properties of the enzyme).34 Therefore,
the electrode was “polished” gently with a piece of damp cotton wool
to remove some of the enzyme from the surface. This ensures that the
catalytic current is independent of the electrode rotation rate within a
large range (1500-2500 rpm). Most experiments were carried out at
pH 6.0 because anaerobic inactivation is slower and the enzyme film
is more stable than at higher pH.34,39

Results

Figure 2A shows a chronoamperometry experiment to
compare the rate of inactivation produced by injection of O2

(i) with that induced by applying an oxidizing potential under
anaerobic conditions (ii). In both cases, the enzyme-coated PGE
electrode was rotated at 2500 rpm in a cell containing pH 6.1
buffer at 45°C, and the current was monitored at a potential of
242 mV. In the former case, 1 mL of O2-saturated buffer was
injected into 3 mL of electrolyte (thus the final concentration
of O2 is approximately 0.3 mM).

The effect of O2 is profound: the reaction is very rapid in
comparison to anaerobic inactivation, in good agreement with
recent stopped-flow FTIR experiments carried out under more
stoichiometric conditions which show that reaction is complete
within a fraction of a second.40 Figure 2B shows a cyclic vol-
tammogram recorded with a rotating electrode at a slow scan
rate (1.2 mV s-1) at pH 6.3 under 1 bar H2. While the potential
was scanned from-558 to 242 mV, 1 mL of O2-saturated buffer
was injected into the cell (at approximately-50 mV) and rapid
inactivation was observed, as for Figure 2A. While the potential
continued to climb, O2 was removed from the cell solution by
the flow of H2; then on the return sweep, more than 80% of the
H2 oxidation activity was recovered rapidly in a peak-like
response. The shape of the peak and the potential at which
reactivation occurs (the position of maximum slope, determined
from the derivative di/dE where current) i and potential) E,
termedEswitch: see annotation in Figure 2B) are very similar to
the result obtained when the enzyme has been inactivated
anaerobically, that is, using an oxidizing potential alone (see
later for more details). The results therefore suggested that under
these conditions, inactivation by O2 produces mainly the Ready
state.

The final O2 concentration (in the cell) was varied to establish
its effect on the extent and rate of inactivation. In practice,

complete inactivation was obtained provided the O2 concentra-
tion was above approximately 0.4µM. Most experiments were
therefore carried out using a quantity of O2-saturated buffer (0.1
mL corresponding, after dilution, to a maximum concentration
of approximately 30µM O2) that was sufficient to ensure
complete reaction without much excess O2.

For more precise measurements of the time-potential char-
acteristics of the transformations, we used chronoamperometry,
with which we could generate various sequences of gas changes
and potential steps and monitor the enzyme’s response in each
case. Figure 3 shows an experiment carried out at 45°C under
H2, for which the time course (X-axis) is labeled with the
potential steps and other operations performed at each stage.
Because it may help clarify the experiment, we have added a
“route map” that portrays the sequence of operations in the
potential domain. It is thus easy to see how the enzyme can be
manipulated with respect to the thermodynamic potential for
the redox couple 2H+/H2 (approximately-0.37 V at pH 6.0,
45 °C) and the potential that defines the enzyme’s active-
inactive interconversions (Eswitch): indeed, the ability to control

(38) Albracht, S. P. J.Biochim. Biophys. Acta1994, 1188, 167-204.
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2004, 43, 6808-6819.

Figure 2. (A) Chronoamperometric experiment comparing anaerobic and
aerobic inactivation of [NiFe]-hydrogenase. (i) Experiment carried out under
1 bar H2, 242 mV with 1 mL of O2-saturated buffer added to the
electrochemical cell at the start of the measurement (final concentration
0.3 mM O2). (ii) Experiment carried out under 1 bar H2 at a potential of
242 mV with no addition of O2. Other experimental conditions are
identical: pH 6.1, 45°C, electrode rotation rate 2500 rpm. (B) Slow cyclic
voltammogram (1.2 mV s-1) measured at pH 6.3 with a rotation rate of
2500 rpm under 1 bar H2. The cycle starts at-558 mV, and at (i) 1 mL of
O2-saturated buffer is injected. H2 is then flushed through the headspace to
remove excess O2. At (ii), reductive activation commences: the recovery
of activity is quantified by a potential value,Eswitch, marked by the vertical
line, which is the position of maximum slope given by the derivative di/
dE. The arrows indicate the direction of cycling.
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the direction and rate of electron flow in the enzyme is a crucial
feature of these experiments. The potential was initially held at
-558 mV for 300 s, judged to be sufficient time for the headgas
to equilibrate with the cell solution, and then the potential was
stepped to-108 mV for 60 s followed by a step to 242 mV.
At -108 mV, no inactivation occurs without O2 (this is used
as an activity reference), while at 242 mV, the enzyme
inactivates slowly in the absence of O2. At 242 mV, 0.10 mL
of O2-saturated buffer was injected into the cell, resulting in
rapid loss of activity. The headspace was then flushed with H2

for 600 s to remove the residual O2 from the solution, while
the potential was held constant at 242 mV to prevent reductive
reactivation. The potential was then stepped back to-108 mV,
and reductive reactivation was observed. Two phases are
observable in the reactivation trace, one fast and one slow.

As we propose later in this paper, the fast and slow phases
correspond to the activation of Ready and Unready states,
respectively. The slow phase is first order with a rate constant
0.0025( 0.0004 s-1; in other words, the half-life of the Unready

state is approximately 5 min at 45°C. The final current was
always lower than observed initially, reflecting both slow loss
of enzyme molecules from the electrode over the extended
course of the experiment and loss due to other kinds of
inactivation. Shown also in Figure 3 is the final current (dashed
line) measured in a control experiment that recorded the loss
in activity when the same manipulations were carried out
without O2. Superoxide is known to destroy Fe-S clusters41

and might be produced either at the electrode (although
precautions were taken to avoid excessively negative potentials
when injecting O2) or by reaction of O2 at the reduced distal
cluster (O2 now serving as a remote one-electron acceptor).
These observations were not pursued further in this study, but
they suggest that the ratio of slow to fast phase will always be
a slight underestimate.

A similar experiment (Figure 4) was carried out under N2 to
observe the activation process as it appears when monitoring
proton reduction instead of H2 oxidation. Initially, the potential
was held at-558 mV for 600 s before being stepped to 242
mV, and then 0.10 mL of O2-saturated buffer was injected. The
headspace was flushed with N2 to remove residual O2 before
the potential was stepped back down to-558 mV, and the
activation process was monitored, this time as a reduction
current. As before, much of the activity is regained immediately

(41) Gardner, P.; Fridovich, I.J. Biol. Chem.1991, 266, 1478-1483.

Figure 3. Current versus time trace for a chronoamperometry experiment
in which [NiFe]-hydrogenase adsorbed on a PGE electrode is subjected to
a sequence of potential steps under an atmosphere of H2 (1 bar). The lower
diagram shows a “route map” of the potential-step sequence with operations
carried out at particular times and electrode potentials. The time spent at
each stage is given. The potential was initially held at-558 mV for 300 s
under 1 bar H2 before the potential was stepped to-108 mV for 60 s. A
step was then made to 242 mV (a potential at which O2 is not reduced) at
which point 0.10 mL of O2-saturated buffer was injected. The headspace
was then flushed with H2 (1 bar) for 600 s to remove O2 from the solution,
after which the potential was stepped back to-108 mV to initiate reductive
activation. Other experimental conditions were: pH 6.0, 45°C, and electrode
rotation rate 2500 rpm. The dashed line shows the level to which the current
was expected to return if the enzyme had not been subjected to O2, as gauged
from control experiments. The dotted line (spanning the entire time course)
corresponds to the maximum current that should have returned (the same
as that measured at 300 s). The small difference is indicated by *.

Figure 4. Current versus time trace for a chronoamperometry experiment
carried out under 1 bar N2. Initially the potential was held at-558 mV
with N2 flowing through the headspace, before being stepped to 242 mV at
which point 0.1 mL of O2-saturated buffer was injected. The potential was
held at 242 mV for 1200 s to ensure all O2 was removed from solution
before the potential was stepped back to-558 mV to initiate reductive
activation. Other experimental conditions: pH 6.0, 45°C, and electrode
rotation rate 2500 rpm. The route map is shown below.
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in a fast phase (this is faster than observed in Figure 3, because
for the Ready state the rate of activation depends strongly on
the potential even belowEswitch). However, the slow phase is
more complex than when measuring H2 oxidation activity, and
this was investigated further, the issue being that proton
reduction by [NiFe]-hydrogenase is known to be inhibited by
the H2 that is produced.33

Figure 5 shows how the proton reduction activity is affected
by exchanging N2 and H2 in the headspace. Initially, the potential
was held at-558 mV for 600 s under a flow of N2. The
potential was then stepped to 242 mV, and at (i) 0.1 mL of
O2-saturated buffer was injected into the cell and the potential
was held constant while the residual O2 was flushed from the
solution. The N2 flow was then stopped, and the potential was
stepped back to-558 mV at which reductive activation was
observed. The initial fast phase (ii) is now followed by a slower
phase (iii) before the current levels off. At 2000 s, the flow of
N2 was switched on again (iv), and a further increase in current
was observed, resulting not in a plateau but remaining as a
residual slope. At 3000 s, H2 was allowed to flow into the
headspace for a few seconds (v), which caused a large and
instantaneous attenuation of proton reduction activity. Introduc-
tion of more H2 caused further loss in proton reduction activity,
and finally the current reached a steady low level. The proton
reduction current is extremely sensitive to inhibition by the H2

product,33 so it is difficult to study the slow phase of reactivation
in this way. Similar results were obtained if Ar was used as
headgas instead of N2.

Figure 6 shows the reactivation traces obtained after injecting
O2 at various different potentials and gas conditions: 242 and
42 mV under N2, and 217 and 42 mV under H2. All experiments
were carried out in pH 6.0 buffer at 45°C, with the electrode
rotating at 2500 rpm. They show clearly that a larger fraction
of fast-phase species is formed when O2 is injected at a more
negative potential and under H2. Following this lead, an exten-

sive series of experiments was carried out in which O2 was
injected at different potentials, under atmospheres of either 1
bar H2 or 1 bar N2; the fractions of slow phase obtained in each
case are shown in Figure 7. The lines shown are curve fits to
depict the trends and are not based on any mathematical model.

We varied the time gap between stepping the potential to
the desired value and injecting O2, the reasoning being that
enzyme molecules might not equilibrate immediately with the
electrode potential. There was no significant difference between

Figure 5. Current versus time trace for a chronoamperometric experiment
carried out to examine the effect of N2 and H2 on proton reduction activity
during reactivation of the enzyme. Initially the potential was held at-558
mV under N2 flow for 600 s. At (i), the potential was stepped to 242 mV
and 0.10 mL of O2-saturated buffer was injected into the cell. The potential
was held at 242 mV for 600 s while N2 was passed through the headspace
to remove the remaining O2. The N2 flow was then turned off, and the
potential was stepped back to-558 mV (ii) to reactivate the enzyme. At
2000 s, the N2 flow was restored (iv), and then at 3000 s, N2 was turned
off and H2 was introduced into the cell in two bursts (v). Other experimental
conditions were pH 6.0, 45°C, electrode rotation rate 2500 rpm.

Figure 6. Current versus time traces for chronoamperometric experiments
to examine the percentage of slow phase formed at different potentials under
a N2 or H2 atmosphere (1 bar in either case). Initially the potential was
held at-558 mV for 600 s before being stepped to the potentials indicated.
Next, 0.10 mL of O2-saturated buffer was injected into the cell, and the
gas was changed from N2 to H2 to remove the remaining O2 before the
potential was stepped back to-158 mV. Other experimental conditions:
pH 6.0, 45 °C, and electrode rotation rate 2500 rpm. The route map,
generalized to cover variations in conditions, is shown below.

Figure 7. Plot showing the percentage of slow phase formed under N2

(]) or H2 (9) as a function of the electrode potential applied while O2 is
injected.2 is for an experiment where the potential was held at-258 mV
for 300 s under N2 before being stepped to 242 mV. The data points× and
+ are for experiments carried out at pH 8.8, under H2 and N2, respectively.
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time periods of 0 (i.e., immediate injection), 3, and 6 s. However,
an experiment under N2 in which the potential sequence included
an intermediate step for 300 s to a potential of-258 mV before
a potential step to 242 mV and O2 injection produced an increase
in the fraction of slow phase. At-258 mV, the enzyme is able
to oxidize H2 (remaining in the cell or in the enzyme molecule
itself as a product of proton reduction), but the potential is still
well below Eswitch so there is no anaerobic inactivation. These
data are included in Figure 7. Data from two experiments carried
out in pH 8.8 are also included in Figure 7: they show a
decrease in the amount of slow phase formed under both H2

and N2, as compared to inactivation at pH 6.0. In another
experiment, designed to generate the maximum amount of
Unready state, the potential was initially held at-558 mV under
H2 before stepping the potential to a value belowEswitch and
introducing CO into the headspace, which caused immediate
and complete loss of H2 oxidation activity. The headgas was
then changed to N2, and after the solution was purged for 10
min to remove CO the potential was stepped to 242 mV, at
which stage O2 was injected. After the solution was purged with
N2 for a further 10 min to remove O2, the potential was stepped
down to-158 mV to reactivate the enzyme. The result showed
a small increase in the fraction of slow phase, similar to that
observed for the experiment described above in which the
potential was held at a value belowEswitch and under N2 before
the O2 injection.

It was now necessary to examine whether there is a difference
in the potential at which the enzyme is reactivated (Eswitch) when
more than 80% of the enzyme is in the Unready state. Figure
8A shows an experiment in which the Unready state was
generated by injecting O2 under N2 at 242 mV, pH 6.0; then
after flushing with H2 exactly as described above, the potential
was scanned very slowly (at 0.3 mV s-1) in the negative
direction. (Note that the cycle shown in Figure 2B was carried
out at pH 6.3, and at a higher scan rate, i.e., 1.2 mV s-1.) As
compared to the result obtained (Figure 8B) when starting from
>95% Ready (generated by injecting O2 at -8 mV under 1 bar
H2 and then following the same procedure as described above),
the shape is much more rounded, and there is a small negative
shift in Eswitch. Analogous experiments were conducted at pH
8.8, and the results are also shown.

Figure 9 shows experiments to investigate how the rate of
activation depends on the electrode potential (driving force) that
is applied, when H2 oxidation is monitored. These experiments
followed up the results shown in Figures 4 and 5 which
suggested that the slow phase is little accelerated at very low
potential (as instead observed through H+ reduction, which is
inhibited by H2). After incubating the hydrogenase film for 1 h
under H2 at 45 °C, while holding the potential at-558 mV,
the potential was stepped to 242 mV and held there for 60 s.
Next, 0.25 mL of O2-saturated buffer was injected into the cell
and H2 was flushed through the headspace for 600 s. Finally,
the potential was stepped in the negative direction to reactivate
the enzyme. Figure 9A and B compares current-time traces
following reactivation potentials of-108 and -208 mV,
respectively. Figure 9C shows semilog plots of log(|i lim - it|)
versus time for experiments carried out with reactivation
potentials at decreasing values belowEswitch, that is, -108,
-158,-208, and-308 mV. Remarkably, even over the large
range of driving forces used (all potentials are belowEswitch),

the rates show no significant dependence on potential. This is
in marked contrast to reactivation of the Ready state, the rate
of which is highly potential dependent even belowEswitch,34 as
is apparent just when comparing the appearance of the fast
phases in Figure 9A and B.42

Experiments were carried out to determine how the rate of
reactivation and the proportion of slow phase depend on pH.
Figure 10A shows the current-time trace for an experiment
carried out under H2 at pH 7.0, in which O2-saturated buffer
(0.1 mL) was injected at 242 mV and the headspace was flushed
with H2 before the potential was stepped to-233 mV to
reactivate the enzyme. Figure 10B shows the same experiment
carried out at pH 8.8. The lower total extent of recovered activity
at pH 8.8 reflects the greater instability of the enzyme film at
higher pH, as reported earlier.39 Figure 10C shows the corre-
sponding semilog plots (log(|i lim - it|) versus time) for the
experiments conducted at pH 6.0, 7.0, and 8.8. In all cases, rate
constants are cleanly first order and identical among themselves
and as calculated from Figure 9C. The lower fraction of slow
phase produced at higher pH (20% at pH 8.8 vs 40% at pH

(42) As expected, at higher potentials, the rate and extent of activation decrease.
A full investigation of the potential dependence is currently in progress.

Figure 8. Voltammograms showing reactivation of [NiFe]-hydrogenase
inactivated under conditions favoring the Unready (A) or Ready (B) states.
For (A), the enzyme film was prepoised at 242 mV under N2 and inactivated
with 0.10 mL of saturated O2 buffer. H2 was then passed through the
headspace for 600 s to flush out O2 before the voltammogram was recorded,
from 242 to -558 mV at 0.3 mV s-1. For (B), the enzyme film was
prepoised at-8 mV under H2 and inactivated with 0.10 mL of saturated
O2 buffer, and then the same procedure was followed as for (A). Other
experimental conditions: pH 6.0, 45°C, and electrode rotation rate 2500
rpm. (A) and (B) show also the same experiments carried out at pH 8.8:
note the large negative shift inEswitch in either case.
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6.0) prompted a further experiment in which the enzyme was
inactivated under 1 bar N2 instead of H2. In this case, the same
procedure was followed as described for Figure 5A, and
injection of O2 was made at 242 mV. Once again, the fraction
of slow phase was lower at pH 8.8 (40%) than observed at pH
6.0 (80%).

The temperature dependence of the rate constant (k) for the
slow phase was measured to obtain the activation parameters.
Experiments were carried out over the temperature range 25-
50 °C, at pH 6.0. Kinetic traces were obtained after injecting
O2-saturated buffer at 242 mV under H2, and then stepping the
potential to-158 mV after flushing the headspace for 10 min.
(Below 25°C, the rate of the slow phase becomes too slow to
give reliable results, due to competing slow loss of enzyme from
the electrode surface.) The rate constants are shown in Table 1.
Figure 11 shows that a plot of log(k/T) versus 1/T is linear,
yielding ∆Hq ) 84.2 ( 0.7 kJ mol-1 and ∆Sq ) -28 + 5 J
K-1 mol-1.

Experiments were also carried out in D2O instead of H2O to
determine whether there is an isotope effect on the rate of the

slow phase. No difference in either the rate of reactivation or
the proportion of fast phase to slow phase was observed.

Finally, experiments were conducted to establish (A) if
Unready can be activated reductively without H2 (i.e., using
electrons alone), and (B) if not, whether CO can substitute for
H2. Figure 12 shows the results of two experiments. Knowing
the extent to which the Unready state is activated under H2 after
specific time periods, it was easy to introduce N2 (instead of
H2) into the headspace for a fixed length of time, judged to be

Figure 9. Results of chronoamperometry experiments to examine the
potential dependence of the rate of reductive activation. The electrode
potential was initially held at-558 mV for 600 s under an atmosphere of
1 bar H2, and then stepped to 242 mV for 60 s at which stage 0.25 mL of
O2-saturated buffer was injected. H2 was immediately flushed through the
headspace for 600 s to remove O2 before the potential was stepped back to
initiate reductive reactivation. Panels A and B show the results obtained
for reactivation potentials of-108 and-208 mV, respectively. (C) Semilog
kinetic plots generated from the slow reactivation phase observable in panels
A and B along with data from other experiments carried out with different
reactivation potentials. Other experimental conditions: pH 6.0, 45°C, and
electrode rotation rate 2500 rpm. The basic route map, apart from
reactivation potentials, is the same as that for Figure 3.

Figure 10. Results of chronoamperometry experiments to examine the pH
dependence of reductive activation. Initially the potential was held at-558
mV for 600 s before being stepped to-233 mV for 60 s. The potential
was then stepped to 242 mV, and 250µL of O2-saturated buffer was injected
into the cell. H2 (1 bar) was immediately flushed through the headspace
for 600 s to remove O2 before the potential was stepped back to-233 mV
to initiate reactivation. Panels A and B show the results obtained at pH 7.0
and pH 8.8, respectively. Panel C shows the corresponding semilog kinetic
plots generated from the slow reactivation phase observable in panels A
and B, along with data from an experiment carried out at pH 5.9. Other
experimental conditions were 45°C, electrode rotation rate 2500 rpm. See
Figure 3 for the route map followed, except for the reactivation potential
which is now-233 mV. The dotted lines in panels A and B indicate the
amount of film recovery expected from control experiments carried out
without inactivating with O2. The dashed line indicates the current expected
were 100% activity to be recovered after O2 injection.

Table 1. Rate Constants for Activation of the Unready State of A.
vinosum [NiFe]-Hydrogenase, at Different Temperatures, pH 6.0,
under 1 bar H2

T (°C) k/s-1

50 0.0038
45 0.0025
40 0.0016
35 0.0008
30 0.00047
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sufficient to observe full activation were the enzyme to be held
under H2, then replace the N2 by H2 and measure how much
enzyme has actually been activated. In this experiment, the
enzyme was subjected to a potential of-78 mV under a N2
atmosphere for 25 min, which is sufficient time to cause>90%
activation under H2; yet less than 20% was actually found to
be active when H2 was placed in the headspace. The remainder
proceeded to activate at the same rate as observed (see above)
when a low potential and H2 were imposed simultaneously. (The
rate of slow phase activation measured at-78 mV is slightly
lower than that measured at-108 mV). Interestingly, when
incubation included a period (20 min) under 1 bar CO, followed
by 5 min under 1 bar N2, introduction of H2 resulted in the

rapid recovery of 100% activity (without any slow phase) at a
rate comparable to that observed in similar electrochemical
experiments when H2 replaces CO that has been added as an
inhibitor.43

Discussion

As demonstrated in Figure 2A, inactivation ofA. Vinosum
[NiFe]-hydrogenase by exposure to O2 is fast (trace i), in marked
contrast to the slow inactivation (trace ii) that is induced under
anaerobic conditions by holding the electrode at high poten-
tial.34,43,44This is strong evidence that the oxidation process is
inner-sphere; that is, it involves direct attack of O2 at the NiFe
center. Indeed, simple consideration of the kinetic diameters of
H2 (2.71 Å), O2 (3.55 Å), and Xe (4.78 Å)37 shows that O2 can
use the route taken by H2 (note that Xe is used to study the H2

channel using X-ray diffraction7). Remote outer-sphere electron
transfer, as might instead occur at the distal [4Fe-4S] cluster
(producing superoxide and ultimately peroxide), should give a
slow rate similar to that observed at an electrode, where the
reaction is probably limited by transport or binding of the
hydrophilic species H2O or OH- to the active site.34 The cyclic
voltammogram (Figure 2B) shows that reductive reactivation
of most of the enzyme molecules, previously subjected to an
injection of O2 while under H2, appears as a sharp peaklike
response. The characteristic potential of the rise in activity
(Eswitch, obtained easily from the derivative di/dE and marked
with a vertical bar) is close to the value observed after anaerobic
inactivation and assigned to activation of the Ready state.34 As
discussed later, the conditions under which this experiment was
carried out (injecting O2 during turnover under H2 while the
electrode potential is still below 0 V) yield only a very small
fraction of Unready state. It is important to note that recent
stopped-flow FTIR studies have established that the reaction
of H2-reduced enzyme with O2 is complete within 0.2 s and
results in the oxidized, Ready state Nir*.40

The formation of a second inactive species, displaying a much
slower rate of reductive activation, is clearly evident from
chronoamperometry experiments carried out over a wider range
of conditions. Figure 3 shows that reductive reactivation of
enzyme that has been inactivated by injecting O2 during H2

oxidation at 242 mV shows a fast phase lasting only seconds
and a slow phase persisting for over 20 min. The slowly
activating species is also observed in experiments in which
proton reduction activity is measured (Figure 4), although the
results are complicated- certainly by product inhibition at least
(Figure 5). The biphasic behavior is in stark contrast to
experiments carried out under entirely anaerobic conditions
(applying an oxidizing potential without injecting O2) in which
the reductive reactivation shows only a single fast phase
attributable to the Ready state.34 Indeed, the rate of the fast phase
is very potential dependent, as observed for the Ready state
formed under anaerobic conditions.34 The slow activation is fully
consistent with the results reported by Albracht and others38,44-46

for the activation of Unready. At 45°C, the half-life is
approximately 5 min, but extrapolation of the activation data

(43) Lamle, S. E.; Vincent, K. A.; Halliwell, M. L.; Albracht, S. P. J.; Armstrong,
F. A. Dalton Trans.2003, 4152-4157.

(44) Mege, R. M.; Bourdillon, C.J. Biol. Chem.1985, 260, 14701-14706.
(45) Ferna´ndez, V. M.; Hatchikian, E. C.; Cammack, R.Biochim. Biophys. Acta

1985, 832, 69-79.
(46) Ferna´ndez, V. M.; Ferna´ndez, M. A.; Cammack, R.Biochimie1986, 68,

43-48.

Figure 11. Temperature dependence of reductive activation of the Unready
state of [NiFe]-hydrogenase. Plot of log(k/T) versus 1/T (Eyring plot) using
data from chronoamperometric experiments at different temperatures. In
all cases, the electrode potential was initially held at-558 mV before being
stepped to 242 mV. After 60 s, 0.10 mL of O2-saturated buffer was injected,
and then H2 (1 bar) was passed through the headspace for 600 s, before
stepping the potential back to-158 mV to initiate reactivation. From the
data,∆H ) 84 ( 0.7 kJ mol-1, and ∆S ) -28 ( 5 J K mol-1. Other
experimental conditions: pH 6.0 and electrode rotation rate 2500 rpm.

Figure 12. Chronoamperometry experiments to investigate the activation
of the Unready state of [NiFe]-hydrogenase under N2 and CO. The thin
black line shows an experiment in which the enzyme has been held at-558
mV under N2 for 600 s before the potential was stepped to 242 mV and 0.1
mL of O2-saturated buffer was injected (forming greater than 80% Unready).
After the enzyme was flushed with N2 for 600 s, the potential was stepped
down to -78 mV, where it was held for 2700 s before H2 was then
introduced. Clearly, little of the enzyme has been activated during the period
at low potential, as shown by the large amplitude of the slow phase. The
thick black line shows an identical experiment except that CO was
introduced after the potential step to-78 mV for 1200 s, followed by a
short flush for 300 s with N2 (to remove CO that is free in solution) before
H2 was introduced and the activity was monitored. The labeling and the
terms “Active” and “Unready” correspond to the experiment carried out
entirely under N2.
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shown in Figure 11 shows that the rate at 20°C would be 0.0002
s-1, that is, a half-life of about 1 h for reductive activation.
The rates are thus higher (but not significantly so) than
comparable data reported for the enzyme fromD. gigas(0.0004
s-1, half-life approximately 30 min at 40°C).10,25We therefore
conclude that the ratio of amplitudes of the slow and fast phase
provides a convenient and reliable evaluation of the amount of
either species formed under different conditions.

The results shown in Figure 6 show that injection of O2 at
high potential under a N2 atmosphere favors formation of the
Unready state, whereas injection of O2 while the enzyme is
under H2 and held at more negative potentials produces a much
higher proportion of the Ready state. Figure 7 shows that the
amount of Unready formed under N2 drops gradually as the
potential is lowered, but even at 0 mV the fraction is still around
40%. Formation of the Unready state under H2 is greatly
enhanced when O2 is injected at high potential, and the data
shown in Figure 7 lie on a curve in which a negligible amount
of Unready is formed below 100 mV. Unlike stoichiometric
experiments in which a particular active state is preformed and
then mixed with O2,40 the experiments described here address
the reaction with O2 that is initiated during turnover. Because
the electrode potential and H2 pressure each act to bias the
steady-state oxidation level of the different centers in the active
enzyme, it must be this factor, the availability of electrons, which
determines whether reaction with O2 leads to the Ready or
Unready state.

As mentioned in the Introduction, the oxidation level of the
enzyme is defined not only by the states of the NiFe center but
also by the states of the Fe-S clusters. Extending the notation
of Scheme 1, the two highest oxidation levels for the active
enzyme are Nia-S(ooo) (with the [3Fe-4S] cluster oxidized)
and Nia-S(oro) (with the [3Fe-4S] cluster reduced): these
states can lose, respectively, only one or two electrons upon
oxidation. The Nia-S(ooo) state is thermodynamically unstable
because the [3Fe-4S]+/0 potential is higher than the Ni(III)/
Ni(II) potential, but a small fraction will be present under
turnover conditions. By contrast, the lower oxidation states,
including Nia-C* and Nia-SR and states with the distal and
proximal clusters also reduced, can undergo multiple-electron
oxidation. The electrode itself is a continuous and tunable source
of electrons, and provided the [NiFe] center is active, any H2

molecule contained in the enzyme’s “gas channel” is also a
potential electron donor. We therefore conclude that during H2

oxidation, and provided the potential is not taken too high, all
four electrons required to reduce O2 completely will be available.
By contrast, under N2 and at high potential, there will probably
not be enough electrons immediately available to reduce one
molecule of O2 to two molecules of H2O.

At pH 8.8, under H2, only about 20% of the enzyme that is
inactivated by O2 at high potential is produced in the Unready
state, whereas on lowering the pH to 6.0 this percentage rises
to approximately 40%. When inactivated under N2, the differ-
ence is even more obvious, because at pH 8.8 the percentage
of Unready is 40% as compared to 80% at pH 6.0. Thus, while
pH does not affect the rate of activation of Unready, it has a
large influence on its formation. Although our electrochemical
experiments do not reveal the kinetics of reaction with O2

because this is too fast, it is important to note that our
electrochemical data are obtained under potential control, so

that the different behavior observed at pH 6.0 versus 8.8 is not
a result of the change in the reducing power of an electron donor.
It is interesting that formation of Ready is preferred when there
are fewer protons available, despite the thermodynamic require-
ment for more protons. The pH effect is therefore kinetic in
origin, the commitment to forming Unready or Ready depending
on the protonation state of a species at some branching point
on the reaction coordinate.

We now consider two options to account for the dependence
of inactive product on electron availability. These are as
follows: (Option A) The O2 molecule is not fully reduced and
the intermediate is trapped by the active site, resulting in the
Unready state. (Option B) If there is a shortage of electrons
when O2 attacks, there is increased formation of an alternative
conformation. The first of these options implies either that the
bridging group in the Unready state is not a hydroxide ion, but
an O-O species such as peroxide, or that if it is a hydroxide,
an additional oxidizing species (such as an O-atom) is retained
elsewhere. For example, an O-atom could transfer to one of
the Ni-cysteine ligands, yielding a sulfoxide (>SdO)47 or
sulfenic acid (-S-OH) group.48

The intriguing feature of the activation of Unready is that
the rate is independent of electrode potential at values below
Eswitch. This behavior is very different from that observed for
the Ready state, for which the rate of activation increases greatly
with decreasing potential even at values more than 100 mV more
negative thanEswitch. These conclusions are unequivocal; the
ability of the electrode to control the driving force is a powerful
tool. Furthermore, there is no marked effect of pH or H/D
solvent substitution on this rate. Recent studies by De Lacey et
al.25 have also shown that activation of the Unready state (using
the D. gigas enzyme) shows no H/D isotope effect. These
observations show that the rate-determining step is an inherent
property of the enzyme rather than a factor that is directly related
to the electrodic driving force. While these qualifications initially
appear more in line with Option B, a difference in conformation
is very difficult to reconcile with the lack of equilibration
between Unready and Ready states.

Focusing on Option A, we consider first the possibility that
an intact, reduced O-O species is trapped as a ligand.49 This
would have to be a peroxide rather than a superoxide because
the presence of the latter (S ) 1/2) would be evident from the
EPR spectrum. While the formation of a peroxide rather than
superoxide appears inconsistent with the observation that
Unready is formed by increasing the potential far above the
reduction potential for the [3Fe-4S]+/0 cluster, which helps to
sustain the Nia-S(ooo) state with only one electron available
to reduce O2, this need not be the case when the enzyme is
attached to an electrode. If a superoxide is initially formed by
a reaction with Ni(II), and its reduction potential is high (free
O2

- has a potential of approximately 0.9 V),50 the electrode

(47) Grapperhaus, C. A.; Darensbourg, M. Y.Acc. Chem. Res.1998, 31, 451-
459.

(48) Claiborne, A. L.; Mallett, T. C.; Yeh, J. I.; Luba, J.; Parsonage, D.AdV.
Protein Chem.2001, 58, 215-276.

(49) Recent X-ray structure studies support the assignment of a peroxide ligand
in a bridging position in the Unready form of the [NiFe]-hydrogenase from
D. gigas(Fontecilla-Camps, J. C., personal communication. Volbeda, A.;
Martin, L.; Cavazza, C.; Matho, M.; Faber, B. W.; Roseboom, W.; Albracht,
S. P. J.; Garcin, E.; Rousset, M.; Fontecilla-Camps, J. C., submitted).

(50) Bertini, I.; Gray, H. B.; Lippard, S. J.; Valentine, J. S.Bioinorganic
Chemistry; University Science Books: Mill Valley, CA, 1994.
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will provide electrons (via the enzyme’s chain of Fe-S clusters)
to reduce it rapidly to peroxide in a spontaneous and undetected
process. The second possibility is that the additional oxidizing
capacity on the Unready relative to the Ready state is equivalent
to one oxygen atom that has transferred to a suitable acceptor
within the active site. The obvious candidate is one of the non-
bridging cysteine-S atoms, as these are well known to undergo
oxygenation to a sulfoxide or to a sulfenic acid. In studies on
small Ni(II) thiolate complexes, Darensbourg and co-workers
have shown47 that reaction with O2 results in oxygenation of
thiolate sulfur atoms to produce sulfoxides (>SdO) and sulfones
(>S(dO)2), either of which remain S-coordinated to Ni with
surprisingly little effect on the Ni-S bonding. We believe that
a sulfone (which could form without any prior reduction of
enzyme) is unlikely as there is no evidence that fully oxidized
enzyme (i.e., the Ready state) reacts with O2 to form the
Unready state. Alternatively, a sulfur could be oxygenated to
give a sulfenic acid (-S-OH) or sulfenate, although this would
probably change the mode of metal coordination.47,48 Both the
peroxide and the sulfoxide/sulfenate possibilities are fully
consistent with the observation that Unready and Ready are not
in intrinsic equilibrium, because it is not energetically feasible
to convert a hydroxide into a peroxide or an oxygenated-S. A
third possibility is that both types of oxidized product are formed
in parallel; however, the clean kinetics that we observe for the
activation of Unready are more consistent with a single species,
although the formation of an unreactive side-product, such as
products of multiple oxygenation, may account for at least some
of the unrecovered activity.

Some immediate questions remain. (a) Why is the trapped
O-entity not rapidly reduced further? (b) Why is the formation
of Unready favored at low pH? The fact that Unready (once
established) does not take up further electrons even if these are
made available suggests strongly that the O-species is a “dead-
end” complex, the formation of which is due to electrons not
having been available at some crucial stage of the pathway that
otherwise leads to the Ready state and complete reduction of
the attacking O2. At this crucial stage, either an O2- (or H2O,
HO-) is formed while the “hot” O-atom is trapped by a sulfur,
or a peroxide is formed. Although peroxides are known as
powerful oxidants, their reduction involves O-O cleavage and
is not necessarily fast. In peroxidases, once peroxide is
coordinated to Fe(III), it is important to be able to transfer a
second proton onto the distal O-atom, which can then leave as
H2O while the other O-atom is stabilized as a high-valent
FedO intermediate that is reduced in one-electron steps:
peroxidase mutants that are unable to do this are inactive.51

Hence, it is by no means likely that reduction of peroxide can
occur rapidly in this active site. The formation of Unready may
therefore arise because, without a sufficient supply of electrons,
a crucial mechanistic opportunity for proceeding directly to
transfer of the third and fourth electrons is missed.

Our attention is now turning to the mechanism of activation
of Unready. Most obviously, the only species that could escape
without involving its reduction to water is peroxide. Reduction
of Ni(III) should labilize a bound peroxide, and proton transfer
to HOO- would give H2O2 which is a better leaving group.
The major difference might then be the relatively large size of

H2O2, making escape from the active site more difficult than
for H2O. In support of this possibility, the negative entropy of
activation shows that the transition state is relatively ordered,
thus suggesting that the O-species is still intact at this point.
Alternatively, removal of an O-atom attached to a S-ligand
would require two electrons to form water or hydroxide, which
could then leave the active site. From model studies,47 it appears
that O-atom transfer between S-ligands is reversible in the
presence of reductants; thus it is expected that O-atom removal
will also require the reduction of Ni(III) to Ni(II). Finally, an
important clue is provided by the results shown in Figure 12,
which show that electrons alone are not sufficient to activate
Unready, but that H2 is required in the process. It is therefore
highly significant that CO, which is well known as an inhibitor
and likely to function only as a goodπ-acceptor ligand, is also
an activator.52 This suggests that ligand displacement, in addition
to reduction, is required. The mechanism of activation of
Unready and the roles of H2 and CO are now under close
investigation.

Conclusions

In conclusion, protein film voltammetry experiments have
allowed us to study in detail the potential dependences and
kinetics of the aerobic interconversions of [NiFe]-hydrogenase
and gain new insight into the properties of the Unready state
(Ni-A/Niu*) that is formed upon contact with O2. Of particular
significance is the conclusion that Unready is formed under
conditions that do not favor complete reduction of O2 to two
H2O. The results lend significant support for a proposal in which
Unready differs from Ready in having two extra oxidizing
equivalents. These could be stored as a trapped O-atom (a
sulfoxide (>SdO) or a sulfenic acid (S-OH)) or as a
coordinated peroxo-ligand (as opposed to a hydroxo/oxo-ligand
as has previously been assumed) and explains why Unready
and Ready (Ni-A and Ni-B) do not interconvert freely. Not
surprisingly, the activation of Unready proceeds by a mechanism
that is very different from that for the activation of Ready; in
particular, the rate, once corrected for thermodynamics, is
remarkably independent of the electrodic driving force (the
potential belowEswitch), pH, and whether the solvent is H2O
versus D2O.25 The exact nature of this rate-determining step is
now under investigation; in particular, it is important to establish
the role that H2 and CO may play in the activation process.52
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