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Abstract: Protein film voltammetry studies of the [NiFeSe]-hydrogenase from Desulfomicrobium baculatum
show it to be a highly efficient H, cycling catalyst. In the presence of 100% H,, the ratio of H, production to H.
oxidation activity is higher than for any conventional [NiFe]-hydrogenases (lacking a selenocysteine ligand) that
have been investigated to date. Although traces of O, (< 1%) rapidly and completely remove H, oxidation
activity, the enzyme sustains partial activity for H, production even in the presence of 1% O, in the atmosphere.
That H, production should be partly allowed, whereas H, oxidation is not, is explained because the inactive
product of O, attack is reductively reactivated very rapidly, but this requires a potential that is almost as negative
as the thermodynamic potential for the 2H*/H, couple. The study provides further encouragement and clues
regarding the feasibility of microbial/enzymatic H, production free from restrictions of anaerobicity.

Hydrogenases are microbial metalloenzymes that catalyze the
oxidation and production of hydrogen (H,). The two main
classes are known as [NiFe]- or [FeFe]-hydrogenases depending
on the metal ion content of their catalytically active site. Crystal
structures have been solved for members of both classes: in all
cases the active site is buried but linked electrically to the protein
surface by an electron relay consisting of at least one Fe—S
cluster.! At the active site, coordination of iron or iron and nickel
by thiolates, CO and CN™ ligands (Figure 1) results in an
extremely efficient catalyst that has been compared, favorably,
with platinum, the standard catalyst for H, cycling.? * Despite
the chemical similarities in their active sites, the [NiFe]- and
[FeFe]-hydrogenases share no amino-acid sequence similarity,
and these two solutions to the catalysis of H*/H, cycling in
biology must be the result of convergent evolution.’

In view of the importance of H; in future energy technologies,
it has become crucial to establish the basis by which common
first-row transition elements attain such activity by virtue of
their coordination shell and supramolecular environment (sur-
rounding protein interior). The technological interest arises not
only in developing alternative catalysts for H, oxidation
(replacing platinum in fuel cells)®’ but also for understanding
how organisms could be engineered to give a vastly enhanced
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Figure 1. Comparing the structures of [NiFe]- and [NiFeSe]-hydrogenase
active sites.'® The Desulfovibrio gigas structure corresponds to an as-
prepared oxidized form of a [NiFe]-hydrogenase with a putative bridging
(hydro)peroxo ligand with 70% occupancy. This is the Unready or Ni-A
form of enzyme.'® The [NiFeSe]-hydrogenase structure corresponds to a
H-reduced form of the enzyme and it is in an active state.
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catalysts for efficient H, production.

Hydrogenases can also be classed into those that (predomi-
nantly) oxidize H, and those that evolve (produce) H» through
H* reduction; thus, among the various mechanistic issues, it is
also important to determine the factors that enable a hydrogenase
to function preferentially in one direction versus the other. A
particularly interesting substitution that biology has introduced
to the [NiFe] active site involves replacement of one of the
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terminal cysteine ligands to the nickel by selenocysteine,
resulting in the subclass known as [NiFeSe]-hydrogenases. As
shown in Figure 1, the active site ligation and geometry of the
[NiFeSe] active site is otherwise similar to that of conventional
[NiFe]-hydrogenases so far characterized.'® The bridging ligand
present in the [NiFe] active site is due to the fact that the crystal
structure has been obtained for an inactive (predominantly Ni-
A) form of the enzyme.

In addition to catalyzing Ho/H" cycling, hydrogenases react
with O, resulting in inactivation due to oxidation and introduc-
tion of oxygen-derived species at the active site. In general,
for [NiFe]-enzymes the inactivation is reversible, and involves
oxidation to nickel(IIl) in conjunction with coordination of a
bridging ligand.?'**> With conventional [NiFe]-hydrogenases
these oxidized inactive states appear to fall into two categories.
The so-called Ni-B inactive state, which can also be generated
anaerobically, contains nickel(III) with a OH™ ligand in the
bridging position.>* The other inactive state is known as Ni-A:
it appears that O, is essential for its formation but the nature of
Ni-A remains controversial with proposals ranging from the
presence of a bridging peroxide (HO, "), part A of Figure 1, to
one or more cysteine thiolates modified to sulfenates.'®**~2¢
Aside from possessing distinct EPR characteristics, Ni-A and
Ni-B are distinguished kinetically because Ni-B is reactivated
very rapidly upon reduction under H; (hence it is also known
as ‘Ready’), whereas reactivation of Ni-A is slow and in some
cases requires several hours (hence Ni-A is also known as
‘Unready’).**

This article concerns the properties of the [NiFeSe]-active
site in the soluble hydrogenase from Desulfomicrobium bacu-
latum,”” which was the subject of the structural investigation
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summarized in part B of Figure 1.'®?%2° In contrast to the
conventional [NiFe]-hydrogenases, for [NiFeSe]-enzymes there
is only scant EPR evidence for Ni-A and Ni-B states. Specif-
ically, Teixeira et al. reported® that aerobically isolated soluble
[NiFeSe]-hydrogenase from the periplasm of D. baculatum
shows only low-intensity EPR signals attributable to Ni-A and/
or Ni-B, whereas a sample of the soluble enzyme isolated from
the cytoplasm was EPR-silent. These results appear consistent
with the observation that the as-isolated (O, exposed) enzyme
is easily activated, or (most unexpectedly) the active site does
not react with 0,.%3' It is not clear how the sequences of
periplasmic and cytoplasmic forms of the enzyme differ, if at
all. Studies on another [NiFeSe]-hydrogenase, the F420-reducing
enzyme from Methanococcus voltae, showed?? that oxidation
of active enzyme either by O, or by dichloroindophenol yielded
an EPR spectrum mainly resembling Ni-B in conventional
[NiFe]-hydrogenases.

A central issue is how replacement of a single sulfur donor
by a selenium donor in such a crucial active site ligand position
might alter the properties of the enzyme. There are several
differences between sulfur and its heavier group 16 congener
selenium, mostly relating to the weaker chemical bonds formed
by selenium. A selenol group is more acidic than a thiol (the
pK, of SeCys is 5.2, whereas that of the cysteine thiol is 8.0).*
This implies that a SeCys could more readily donate a proton
to an acceptor in its vicinity, and thus favor H, production at
the hydrogenase active site. The acidity of SeCys has already
been used to justify why in the proton-deuteron exchange
reaction the rate of H, evolution is higher than that of HD (the
H,/HD ratio is greater than 1.0) for the [NiFeSe]-hydrogenases
but not for the [NiFe]-hydrogenases.** In regard to reactions
with O, which could modify a cysteine ligand, a Se—O bond
should be weaker than a S—O bond, so any oxygen-bound
inactive state of the [NiFe] active site should be more easily
restored to its normal form in a selenium-containing hydroge-
nase: this might then provide a protective mechanism and some
degree of O, tolerance. In the enzymes glutathione peroxidases
and Escherichia coli formate dehydrogenase H, it is found that
Se—O species are essential to activity. The importance of the
unique ability for selenium to catalyze this chemistry is
demonstrated by the fact that sulfur-containing glutathione
peroxidase homologues always prove to be less efficient at
reducing lipid hydroperoxides by 2 to 3 orders of magnitude.™
Similarly in E. coli dehydrogenase H, replacement of selenium
by sulfur prevents formation of the correct oxygen-species and
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the hydroxide ligand found in the wild type is replaced by an
oxo ligand in the sulfur mutant.*

In this report, the [NiFeSe]-hydrogenase has been probed
using protein film voltammetry (PFV). This technique has been
previously used to study [NiFe]- and [FeFe]-hydrogenases from
the bacteria Allochromatium vinosum (A. vinosum),>>->3~23-36740
Desulfovibrio fructosovorans,*** Desulfovibrio desulfuricans,>**
Desulfovibrio gigas (D. gigas),”® Desulfovibrio vulgaris,*
Clostridium acetobutylicum,44 Ralstonia eutropha,7’20 and Ral-
stonia metallidurans.>® These electrochemical measurements
have complemented structural and spectroscopic investigations
and added support for assignments of states, for example the
proposal that Ni-A and Ni-B differ in oxidation level based on
the incorporated oxygen species.”* Strict control over the
oxidation states of the hydrogenase is possible because PFV
involves adsorbing tiny amounts of redox-active enzyme directly
onto the surface of an electrode, which ensures direct control
over the electrochemical potential sensed by the active sites.
Importantly, catalytic activity is recorded directly as an electrical
current — positive for oxidation and negative for reduction —
and changes in catalytic activity are thus observed as changes
in current, as a function of potential and time. High activity
translates as a large current and excellent signal-to-noise ratio.
Both voltammetry experiments (potential-sweep) and chrono-
amperometry experiments (the potential is poised at different
values) are conducted, and these probe the transformations
between active and inactive states.

Methods

The D. baculatum hydrogenase sample was obtained and
characterized using previously published methods.?”**> In conven-
tional assays, the purified enzyme is not fully active but rapidly
activates after a few minutes under H, to give a specific activity of
1700 umol H, oxidized min~' (mg hydrogenase) '. All solutions
were prepared with purified water (Millipore 18 M2 cm) and were
pH-buffered using either 0.05 M phosphate or a mixed buffer
system. The reagents NaCl, NaH,PO,, and Na,HPO, were pur-
chased from Sigma. The phosphate buffer was prepared by mixing
NaH,PO, and Na,HPO, to obtain the required pH, and 0.1 NaCl
was present as additional supporting electrolyte. The mixed buffer
system consisted of 15 mM in each of sodium acetate, MES (2-
(N-morpholino)ethanesulfonic acid, Melford), HEPES (N'-[2-hy-
droxyethyl]piperazine-N'-2-ethane sulfonic acid, Fisher), TAPS (N'-
tris[hydroxymethyl]methyl-3-amino propane sulfonic acid, Sigma),
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and CHES (2-[N'-cyclohexylamino]ethane sulfonic acid, Sigma).
The solution was titrated to the desired pH with NaOH and HCl,
and 0.1 M NaCl was present as additional supporting electrolyte.

The enzyme film was adsorbed from dilute enzyme solution
(containing 0.2 mg mL ™" polymyxin B sulfate as coadsorbate) onto
a freshly sanded pyrolytic graphite edge (PGE) electrode (Tufbak
Durite sandpaper (Norton) P800) as the potential was cycled once
between —558 and +242 mV at 10 mV s~ '. This procedure gives
a submonolayer film of high electrocatalytic activity. The enzyme
can also be adsorbed onto an alumina-polished electrode (1 xum
Al,O3 from Buehler) and the same characteristic waveshapes (see
below) are obtained. Following film growth, the electrode was
placed in the electrochemical cell containing 2 mL of pristine mixed
buffer. Importantly, no enzyme was present in this solution. For
experiments in which we examined nonturnover signals due to the
Fe—S clusters (reported in the Supporting Information), we formed
the enzyme film on the electrode by spreading a tiny aliquot of
concentrated [NiFeSe]-hydrogenase (17 uM enzyme, 14 mM
polymyxin B sulfate (Sigma)) on the freshly sanded PGE surface.

All experiments were carried out in an all-glass, thermostatted
electrochemical cell equipped for studies under constant gas flow
conditions, which was housed in an anaerobic glovebox (M. Braun
or Vacuum Atmospheres) with O, < 1 ppm. A piece of platinum
wire was used as the counter electrode, and the potential was
monitored with a saturated calomel reference electrode located in
a Luggin sidearm filled with 0.1 M NaCl. The potentials quoted
against SHE were obtained by using the correction factor Esyg =
Esce + 0.242V at 25 °C.*° The experiments were carried out using
PGSTAT 10, PGSTAT 20, or PGSTAT 30 electrochemical analyz-
ers (Eco Chemie) controlled by GPES software. Voltammograms
were measured in digital-step mode although some experiments
(reported in the Supporting Information) were carried out using an
analog voltage ramp. Gas composition and flow rate through the
cell were manipulated by a set of flow controllers (Smart-Trak series
100, Sierra Instruments). The primary gases from which different
mixtures were generated were O, (Air Products), CO (Research
grade, BOC), 1% CO in N, (BOC), and N, (Oxygen-free, BOC).
In the experiments where gases were injected as saturated solutions,
the concentration in the cell was estimated using standard Henry’s
Law constants, from the saturated concentration of gas and the
dilution factor involved.

Results

1. Oxidation and Production of H, under Anaerobic
Conditions. We first performed experiments to ascertain the
general characteristics of electrocatalysis by D. baculatum
[NiFeSe]-hydrogenase operating in either H, oxidation or H"
reduction directions. In Figure 2, we show cyclic voltammo-
grams measured under various conditions designed to obtain a
general picture of the catalytic properties as a function of
electrode potential. Greater stability was obtained when a lower
temperature (25 °C) was used, but to observe more clearly the
anaerobic inactivation, a higher temperature (45 °C) was
required. The voltammograms (scan rate 10 mV s~ ') in part A
of Figure 2 were measured for the same film of enzyme at 25
°C, pH 6.0, changing the gas in the headspace between first
100% H,, then 100% argon and finally 5% H, in N,. Five
minutes were allowed between each cycle to allow for equili-
bration before commencing the next scan.

Under 100% H,, 25 °C (part A of Figure 2), an unusual,
almost linear current response is observed. We have previously
observed similar results for other enzymes and suggested that
the linear response is due to enzyme molecules being adsorbed
in a variety of different configurations relative to the rough and
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Figure 2. How the bidirectional activity of Desulfomicrobium baculatum
[NiFeSe]-hydrogenase varies with (A) gas atmosphere and (B) pH. 10
mVs~ ! scans measured (A) under different gas atmospheres (1 bar pressure)
as shown in the legend and (B) at different pH under an atmosphere of 5%
H,, 95% N,. (A) Between each gas exchange, 5 min was allowed for
equilibration with the solution, the gases were interchanged between 100%
Ha, 100% argon, and 5% H,. (B) The pH of the electrochemical cell solution
was lowered by stepwise solution exchanges from 7.6 to 7.0 to 5.9 with 5
min equilibration pauses between each experiment. The pH was rechecked
immediately after each experiment. The arrow on the pH 7.6 scan
emphasizes the scan direction of the line immediately below it and circles
on the pH 7.6 and pH 7.0 scans denote inflection points on the return scan,
attributable to reactivation of small amounts of an oxidized inactive state.
Other conditions: electrode rotation 3000 rpm, mixed buffer, 25 °C for scans
in (A) and 45 °C for scans in (B), gas exchange and pH exchange data
were obtained on separate enzyme films.

irregular graphite surface, so that there is a dispersion of
electron-transfer distances and interfacial electron-transfer rate
constants.>” The linearity is related to the catalytic activity of
the enzyme and the ratio between its turnover frequency and
the standard interfacial rate constant.’” The voltammetry, in
concurrence with the measured specific activity (which is
comparable to that of D. gigas [NiFe]-hydrogenase), shows that
[NiFeSe]-hydrogenase is a very active enzyme for H, oxidation,
even though the electrode kinetics are far from ideal for many
of the molecules involved. Under 5% Ha, the current response
due to H, oxidation is curved, reflecting some oxidative
inactivation, as discussed below. As the H; level in the headgas
is increased from 0 to 5 to 100%, the H" reduction current
decreases but it is still very evident at 100% H, (1 bar).

In part B of Figure 2, we show voltammograms measured at
45 °C, under 5% H; in N, for different pH values. The traces
cut across the zero-current axis at potentials coinciding with
the reduction potential of the 2H*/H, couple under the same
conditions (—438 mV pH 7.6, —401 mV pH 7.0, —331 mV pH
5.9). This steep intersection across the zero-current axis
demonstrates that both H, oxidation and H" reduction occur
with minimal overpotential. At pH 7.6 and 7.0, the H, oxidation
activity levels off at high potential. This is attributed to anaerobic
inactivation, and such behavior has been observed for all
hydrogenases studied to date.*’ Reductive reactivation of the
small number of enzyme molecules that have become inactive

during the cycle is identified by a discernible inflection point
at which current loss occurs less rapidly between 0 and —0.1
V (pH dependent), as circled in the return scan. The fact that
these processes are not detected at a higher H, concentration
suggests that H, binding protects the enzyme from high-potential
anaerobic inactivation, and this proposal is currently under
detailed investigation. Potential-step chronoamperometry experi-
ments examining the effect of electrode potential (driving force)
on the rate of the inactivation and reactivation processes revealed
(Supporting Information) that the rate of inactivation is inde-
pendent of potential (61— 241 mV) and the rate of reactivation
increases over the range 61— 1 mV.

If the electroactive coverage of enzyme is known, the turnover
rate of the enzyme at any potential and substrate can be
determined.*® Our attempts to determine the electroactive
coverage of the hydrogenase produced only a weak peak-like
response at 1 °C under the conditions of an analog voltage ramp
that is necessary for absolute integration to obtain the charge
passed (Supporting Information). From voltammograms ex-
ecuted in digital-step mode (also shown in the Supporting
Information), which for an immobilized redox species produces
an amplification,*® we observed a single signal, consisting of
peaks in oxidation and reduction directions, consistent with all
electron-transfer centers having similar reduction potentials.
From the tiny size of the voltammetric signal obtained in analog
mode, we concluded that the electroactive coverage in typical
experiments must be less than 1 x 1072 moles cm™2. Thus, a
current density of 0.8 mA cm™ 2 at 0.24 V under 100% H,
corresponds to a turnover frequency of at least 4000 s '
(molecules H, oxidized). For H" reduction under 100% argon,
the current density of 0.15 mA cm™ 2 at —0.55 V led, similarly,
to an estimate of at least 750 s~ ' (molecules H, produced). The
[NiFeSe]-hydrogenase is therefore also a good H, producer.

2. Effect of O, on H, Oxidation. The [NiFeSe]-hydrogenase
does not support H, oxidation activity in the presence of O,. As
shown of Figure 3A, during cyclic voltammetry, injecting 0.2 mL
of O,-saturated buffer into 2 mL of cell solution (resulting in 9%
O, i.e. approximately 118 uM at 30 °C) immediately abolishes
the current due to oxidation of (originally) 100% H,. The scan
rate is so slow (1 mV s }) that the O has been removed from the
solution by the time the cycle is reversed, and features (circled)
due to reactivation processes are observed. In a further experiment
(part B of Figure 3) also with 100% H, but carried out at constant
potential (0.24 V vs SHE), O, was injected to give a final
concentration of 0.5% (7 uM), and complete and rapid inactivation
was again observed (>50% is lost in the first 2 s). As found for
other [NiFe]-hydrogenases, the O»-inactivation is essentially revers-
ible upon reduction. Unusually, the reactivation current—potential
profile measured for the sweep to more negative potential (shown
in detail in part C of Figure 3) reveals two different species that
are distinguished because they reactivate at completely different
potentials. The catalytic current decreases between the first and
second activation process because as the potential becomes more
negative there is a smaller thermodynamic driving force for H,
oxidation. It is important to note that part C of Figure 3 does not
convey the true relative quantities of the two species. In particular,
activation of the low-potential species occurs close to the potential

(47) Vincent, K. A.; Parkin, A.; Armstrong, F. A. (lgiilgy 2007, 107,
4366-4413.

(48) Hudson, J. M.; Heffron, K.; Kotlyar, V.; Sher, Y.; Maklashina, E.;
Cecchini, G.; Armstrong, F. A. i 2005, /27, 6977-
6989.

(49) Heering, H. A.; Mondal, M. S.; Armstrong, F. A. diisibaialgi 1999.
71, 174-182.
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Figure 3. Reaction of Desulfomicrobium baculatum[NiFeSe]-hydrogenase
with O,. (A) Cyclic voltammogram recorded at 1 mVs ™', starting from
—558 mV then scanning to +342 mV and returning, under 100% (1 bar)
H,. At 0 mV on the positive direction scan, O,-saturated buffer was injected
(indicated by the vertical arrow) and then rapidly removed by flushing the
headspace in the electrochemical cell with H,. (B) Current—time trace for
inactivation at 0 V by 0.5% O, in 5% H; (95% N,). (C) Reactivation
following injection of O, at high potential under an argon or H, atmosphere.
Prior to both scans, the electrode potential was swept from —558 to +342
mV and the maximum H» oxidation current was noted. The electrode was
then polarized at —558 mV under 100% H, to ensure complete activation
of the enzyme film. For the argon experiment, the gas space in the
electrochemical cell was then flushed with argon for 5 min to remove H,.
Immediately after a potential step to +342 mV, 200 uL of O,-saturated
buffer was injected into the 2 mL cell solution, and the headspace was
flushed to remove O, with argon for 300 s then with H; for 300 s. The
electrode potential was then scanned to more negative potentials at 1 mVs ™',
as shown, with current normalized with respect to the maximum activity
that was first measured at +342 mV under 100% H,. For the H, experiment,
the same maximal activity measurement, potential step, injection method,
and scanning measurement were employed but no argon was used. (D) An
experiment to determine the rate of reactivation of D. baculatum [NiFeSe]-
hydrogenase H, production activity following O inactivation at high
potential. The electrode potential was poised at =550 mV for 500 s to fully
activate the enzyme under 100% H, (not shown). The potential was then
stepped to +340 mV and 150 uL of O,-saturated buffer was immediately
injected to inactivate the enzyme. For the next 1200 s, the electrode potential
was maintained at +340 mV to ensure all O, was flushed from the cell,
and the headgas was changed from H, to argon. The electrode potential
was then stepped down to —350mV to induce activation of H, production
catalysis. Conditions: pH 6, electrode rotation rate at least 2500 rpm, 30
°C, 1 bar H; or argon, (A) and (C) mixed buffer, (B) and (D) phosphate
buffer.

at which H, oxidation activity ceases and is replaced by H*
reduction. (Note that the percentage current is arbitrarily normalized
with respect to the H, oxidation current measured at +342 mV
prior to O, being added.) The relative proportions of the high-
potential and low-potential reactivating species could be altered
by changing the gas atmosphere under which O, injection took
place. The process at high potential, enhanced by injecting O, under
H, (rather than argon), is indistinguishable in terms of potential
from that occurring after anaerobic inactivation, whereas the low-
potential process, enhanced by injection of O, under argon, appears
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quite close to the formal potential for the H'/H, couple (ca. —350
mV at pH 6) and is not detected after anaerobic inactivation.

Observation of the low-potential (O,-specific) reactivation
process led us to question how fast this species could be
reactivated by reduction. Because the window remaining within
the H, oxidation region is so narrow, it was necessary to employ
potential steps into the H* reduction region. A result is shown
in part D of Figure 3 where O, was injected during H, oxidation
(1 bar) at a potential of 0.34 V. This resulted in rapid and
complete inactivation. After 5 min, the headgas was changed
to 100% argon; then 5 min later the potential was stepped to
—0.35 V, a potential at which H* reduction will occur under
these conditions (part A of Figure 2). Most of the enzyme was
reactivated within the current spike (i.e., within seconds).’® This
was confirmed in numerous other experiments: using a more
negative reactivation potential (below —0.38 V) all the reaction
occurred within the spike. Reactivation after treatment with O,
is therefore fast in this potential region.

3. H, production in 1% O,. Because reactivation of the O,-
specific inactive species only occurs rapidly at electrode
potentials close to the thermodynamic potential of the H*/H,
couple, there is no possibility that this [NiFeSe]-hydrogenase
could oxidize H; in the presence of O,. However, the reactiva-
tion reaction is fast, and this suggested that it might be possible,
instead, to achieve sustainable H, production in the presence
of small quantities of O,. We therefore designed an experiment
to establish and quantify this possibility. It is important to note
that inherently rapid reactivation after O, attack is also a
characteristic of membrane-bound hydrogenases from Ralstonia
species, and because the process in these enzymes occurs at a
high potential it allows H, oxidation to proceed in air.®”-?°
However, unlike the [NiFeSe] enzyme, the Ralstonia hydroge-
nases are very poor at producing Hp.

A bare PGE electrode begins to reduce O, at potentials more
negative than approximately 0 mV at pH 6 (Supporting
Information); therefore reduction (negative) current alone could
not be used to measure H, production activity in O,. Instead,
the competitive inhibitor CO was used to remove the component
in the reduction current arising from enzymatic catalysis. In the
Supporting Information, we show voltammograms for O, and
H,0; reduction at bare PGE and discuss the correction procedure
adopted to estimate the amount of O, remaining in the diffusion
layer to be seen by the [NiFeSe] active site. For our experiments,
at an electrode potential of —0.45 V, 1% O, in the headspace
equates to at least 0.5% O, at the electrode surface.

The experiments shown in Figure 4 measure the H" reduction
activity when the headgas contains 1% O, — easily sufficient
to abolish all H; oxidation activity. In (A), the experiment begins
with the PGE electrode modified with a fresh film of [NiFeSe]-
hydrogenase being exposed to 1 bar (100%) N, while rotating
at 3000 rpm at —450 mV. This experiment was carried out at
30 °C, and the loss of current during the first 500 s is due to a
substantial rate of film loss’' at this temperature. After about
600 s, 1% CO is introduced into the cell through the flowing
gas stream. There was an immediate attenuation (80—90%) of
the H reduction current. Then, after a further 200 s, the gas
stream was switched back to 100% Ny, resulting in an immediate
increase in reduction (negative) current to a value about 80%
of that recorded before introducing CO (reflecting the film loss

(50) Hirst, J.; Armstrong, F. A. gdiiclabgi 1998, 70, 5062-5071.

(51) The term film loss refers to the steady decrease in current attributed
to the processes of: enzyme desorption, enzyme denaturation, and
unfavorable conformational rearrangement on the electrode surface.
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Figure 4. Probing the capacity for O, tolerance during H, production by
Desulfomicrobium baculatum [NiFeSe]-hydrogenase. The enzyme was
poised at low potential (—0.45V vs SHE) under changing atmospheres of
N», 1% CO in Np, 1% O, in Ny, and 1% O, + 1% CO in N; as indicated
on the plot. Other conditions: pH 6.0, electrode rotation rate 3000 rpm,
phosphate buffer (A): 30 °C and (B): 20 °C. The features circled in (A)
and (B) result from flushing O out of the cell and are explained in detail
in the main text. The dashed line in (B) delineates an estimate of the course
of film loss throughout the experiment. In (B) at 6000 s, the data recording
ended and had to be restarted. The apparent small, vertical increase in
reduction current at this time results from this loss of data.

over the 800 s of CO inhibition). In the next stage, the gas flow
was changed to 1% O; in N, and this produced a decrease in
reduction current that was largely complete after 600 s; at this
point the gas flow was switched to 1% O, 1% CO, and 98%
Ny, resulting in an immediate attenuation. The magnitude of
the attenuation (marked by Inhibit* in Figure 4) corresponds to
the level of enzymatic H" reduction (H, production) persisting
when 1% O, is in the headgas, and we note that at this stage,
about 50% of the current is due to enzyme-catalyzed H*
reduction. When CO was removed with a stream of 1% O, and
99% N, the current increased to a level similar to that recorded
prior to CO inhibition. In the third stage of the experiment, the
atmosphere was changed to 100% N,. This resulted in the feature
circled in (A): initially there was a small decrease in reduction
current (due to loss of O, reduction), which was followed by a
larger increase in current to reach a steady level as the last traces
of O, are removed from solution. The gas stream was then
switched to 1% CO/99% N, to record the amount of active
enzyme remaining on the electrode and finally back to 100%
N, to confirm reversibility. Control experiments showed that
no current changes were observed for a bare PGE electrode
when CO was either added or removed from a 1% O, gas stream
(Supporting Information).

The same method was employed in (B). Because a lower
temperature (20 °C) was applied, gas equilibration times were
slower, and the experiment was therefore conducted over a
longer time scale. At this cooler temperature, the rate of film

loss was decreased so the data are less convoluted by a steady
loss of enzyme activity over time. Upon introduction of O, at
1500 s, the reduction current decreases immediately, reaching
a minimum at 1600 s. This is due to rapid inhibition of
hydrogenase-catalyzed H; production. The reduction current then
slowly increases to a stable level of —15 A cm™ 2 because the
current due to O, reduction increases as O, equilibrates with
the solution. This feature was absent in (A) because the
magnitude of H, production current is much larger than that of
O, reduction; O, inhibition of H, production is therefore the
predominant characteristic in this phase of the experiment (A).
The feature circled in (A) (loss of reduction current upon
immediate removal of O, followed by an increase in reduction
current due to release of O, inhibition of the enzyme) is
accentuated in (B). This reflects the greater enzyme activity
observed in (A) due to temperature and possibly, variation in
enzyme coverage. Part B of Figure 4 also shows a projected
line indicating the path of film loss. The discrepancy between
projected and actual current suggests that some less reversible
changes are occurring.

At 30 °C (part A of Figure 4), the fraction of activity
persisting when the enzyme is experiencing at least 0.5% O,
(1% in the headspace: Supporting Information) lies between
17% (based on activity immediately prior to first introduction
of CO) and 42% (based on activity immediately prior to final
introduction of CO). At 20 °C (part B of Figure 4), the
corresponding limits are 7—10%. The O, tolerance of the
[NiFeSe]-hydrogenase is apparently greater at higher temperature.

Discussion

Our results demonstrate that the [NiFeSe]-hydrogenase from D.
baculatum is a good H; producer; this is true even in the presence
of a substantial level of H,, which is usually a strong inhibitor of
H, production by [NiFe]-hydrogenases. Our work also shows,
clearly, that O, reacts with the enzyme, reversibly, causing
inactivation, although we cannot comment on the level to which
more substantial long-term damage occurs to the enzyme. As
shown in Figure 3, reaction of the enzyme with O, produces two
different inactive species that are clearly distinguished by the
potentials at which they undergo rapid reactivation. The minority
species, activated at high-potential, is also formed upon anaerobic
inactivation, and it reactivates rapidly (half-life of a few seconds)
at potentials more negative than 0 V at pH 6. The low-potential
species is only formed upon reaction with O, under which condition
it is the dominant product, and it is reactivated rapidly (a few
seconds) but only when the electrode potential is taken below —0.3
V (pH 6). Figure 4 shows further that the apparent rate of
reactivation depends critically on removal of the last traces of O,
(compare the slow increase in activity at —0.45 V as O, is expelled,
with rapid increase being observed (part D of Figure 3) when
reactivation is initiated by a potential step in the absence of O»).

Rates of reactivation for both of the inactive [NiFeSe] species
are much higher than measured for the unready (Ni—A) form of A.
vinosum [NiFe]-hydrogenase for which the limiting (maximum)
rate constant is 0.0025 s~ ', corresponding to a half-life of 280 s at
45 °C.2* There is, therefore, a rate increase of about 10 fold for
reactivating the Os-inactivated [NiFeSe]-hydrogenase. The catch
is that rapid reactivation requires such a negative potential that it
prohibits any H, oxidation activity in the presence of Oy;
consequently, the [NiFeSe]-hydrogenase cannot be an O,-tolerent
hydrogenase in the direction of H, oxidation. In this respect, the
enzyme resembles the [NiFe] analogues from A. wvinosum, D.
vulgaris, D. gigas, and D. fructosovorans but not the O,-tolerant
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[NiFe]-hydrogenases from Ralstonia, which reactivate rapidly at
much higher potentials.?>*' It is also interesting that the presence
of an H, atmosphere is not a requirement to complete the
reactivation of the [NiFeSe]-hydrogenase at very negative poten-
tials.> This may also be true for other hydrogenases when subjected
to sufficiently low potentials.

The ability to sustain H, production in the presence of 100%
H, and the activity-potential profile of recovery from O,
exposure together make the [NiFeSe]-hydrogenase uniquely
identifiable from selenium-free counterparts so far investigated.
The O,-sensitivity of hydrogenases has been described as a
major limitation to the development of technologies harnessing
solar powered bio-H, production.®> Most obviously, hydroge-
nases operating in photosynthesizing oxygenic organisms must
be able to do so in the presence of O,, the actual amounts
depending on light intensity and other conditions. It is widely
acknowledged that [NiFe]-hydrogenases are superior in surviv-
ing exposure to O, when compared to [FeFe]-hydrogenases.’
In this light therefore, it has been suggested that cyanobacteria
(which produce [NiFe]-hydrogenases rather than [FeFe]-hydro-
genases) offer a better practical solution.®>** Our study now
demonstrates the importance of the kinetics and thermodynamics
of reactivation after O, attack and suggests that, by this principle,
it could be possible for a [NiFeSe]-hydrogenase to sustain useful
levels of Hj production activity in low-O, atmospheres.

On the basis of the parallels with conventional [NiFe]-
hydrogenases, we propose that the inactive species that reacti-
vates at a very low-potential is functionally equivalent to a Ni-A
state because it is formed only upon reaction with O,, and more
of this species is formed if O, is introduced when H; is absent.?*
A seemingly contradictory observation is that this species is
reactivated rapidly, whereas Ni-A in enzymes such as A.
vinosum [NiFe] hydrogenase is associated with slow reactivation,
hence the term Unready;*** however, at any potential higher
than —0.2 V, this state of the [NiFeSe] enzyme is reactivated
only very slowly. The observation of a clear electrochemical
distinction (i.e., in reduction potential) between the inactive
product formed anaerobically and that formed only upon reaction
with O, is so far specific to the [NiFeSe]—hydrogenase.2° Two
further aspects deserve to be noted. First, the low-potential
inactive species should be stable above —0.2 V and readily
available for spectroscopic examination; yet studies of the D.
baculatum [NiFeSe]-hydrogenases have not revealed any major
signals attributable to nickel(III) states formed upon exposure
to 0,.3° Second, the study by Sorgenfrei et al. of the F420-
reducing [NiFeSe]-hydrogenase from M. voltae®* showed that
reaction with O, produced a species resembling Ni-B not Ni-
A.>® The electrochemically observed anaerobic inactivation in
this study also suggests formation of a Ni-B-like state by a

(52) Cournac, L.; Guedeney, G.; Peltier, G.; Vignais, P. M. janlksitdiel
2004, 186, 1737-1746.
(53) Dawar, S.; Masukawa, H.; Mohanty, P.; Sakurai, H.
i . 2006, 72, 213-223.

V=S
(54) Armstrong, F. A.; Albracht, S. P. 1. [ N

Ser A 2005, 363, 937-954.
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[NiFeSe]-hydrogenase, and in agreement with previous A.
vinosum [NiFe]-hydrogenase studies, formation of this state
proceeds via a chemical—electrochemical (CE) reaction (a
chemical process such as ligand binding followed by a one-
electron oxidation of the NiFe site). Subsequent reactivation of
this species occurs at high potential via an EC mechanism. It is
surprising that oxidized inactive states of the [NiFeSe]-hydro-
genases have been difficult to track down by EPR, yet two forms
are easily distinguished electrochemically.

Finally, we ask: What unique structural features contribute
to the unusual reactivities of the [NiFeSe]-hydrogenase? The
two fundamental differences between the architecture of the
[NiFeSe]-hydrogenase and typical [NiFe]-hydrogenases from
sulfate reducing bacteria are (1) the presence of a selenium atom
at the active site, and (2) the absence of a [3Fe-4S]-cluster,
which normally has a much higher potential. The lower pK, of
RSeH compared to RSH may account for higher H, production
activities as proposed above.>* Another interesting question is
whether the inactive states contain Se—O products analogous
to oxygenated sulfur species that may be formed in the [NiFe]-
hydrogenases.’® However, a Se—O species ought to be reduced
at a higher potential than a S—O species, whereas we observe
that reductive reactivation requires an unusually negative
potential. Importantly though, the reactivation that occurs at this
low potential is (thus far) unusually rapid for an O-inactivated
hydrogenase. With regard to the effect of an absence of a [3Fe-
48S] cluster, we note that other hydrogenases having a relatively
high bias for H, production include the [FeFe]-hydrogenases
from D. desulfuricans and C. acetobutylicum, neither of which
contains a [3Fe-4S] cluster.**

Whatever the atomic nature of the inactive states, this research
has helped to emphasize the importance of the kinetics and
thermodynamics of reactivation in the complex and no-doubt
multiple mechanisms of O, tolerance of hydrogenases, and the
results prompt more detailed crystallographic and spectroscopic
studies of the [NiFeSe]-enzymes.
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