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1. Hydrogen as an Energy Store
Hydrogen is the most abundant element in the universe

and the tenth most abundant element on Earth, but we
encounter only a tiny amount as molecular H2 (0.5 ppm in
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the lower atmosphere1) because it escapes easily into space.
Although H2 has a strong chemical bond, the hydrogen atom
forms an even stronger bond to oxygen, and H2O, being
relatively nonvolatile, is the dominant compound on Earth’s
surface. Reaction of H2 with O2 (1) releases a large amount
of energy, and most mixtures explode upon ignition.

In both biology and technology, H2 is a fuel (an energy
carrier).2 In technology, some important advantages of H2

are (i) its high specific enthalpy of reaction with O2 (∆H°
per gram), which lends itself to uses where weight is
important, such as rocket propulsion, and (ii) the fact that
the explosive reaction 1 with O2 is ignited simply by a spark
and produces only water. In both biology and technology,
as the reduction product of water, H2 is the strongest reducing
agent to be thermodynamically stable in aqueous solution.
But H2 also has notable disadvantages. Its low solubility in

water limits its availability as an energy source in that
medium, although its large diffusion coefficient enables it
to move rapidly to replenish areas where it has been depleted.
Most importantly, because it is so highly volatile, H2 is
difficult to storesa point that has been emphasized by critics
of a future “hydrogen energy economy”. The biological
solution to trapping H2 has been to lock it up in organic
molecules and supply it as the hydride carriers NADH and
NADPH (nicotinamide adenine dinucleotide and the phos-
phate derivative).

Reaction 1 occurs extremely rapidly by a radical chain
mechanism, but H2 is otherwise quite an inert molecule and
is oxidized slowly without a catalyst. Equally, it is not easy
to reduce water (H+aq) to form H2 without a catalyst (although
clean, four-electron reduction of O2 to form H2O is even
more difficult). Under mild conditions, up to 150°C, the
most effective catalyst is platinum, but very fast intercon-
version of H2 and H+ is also a key aspect of microbial energy
cycling in reactions that do not involve any precious metal.
In microbes, production and oxidation of H2 are catalyzed
under ambient conditions at iron or nickel and iron catalytic
centers contained in highly active enzymes called hydroge-
nases.2

1.1. The Hydrogen Half Cell Reaction

The energy released when H2 is oxidized is also expressed
in electrochemical terms, beginning with the standard half
cell reaction (eq 2A) and the Nernst equation (eq 2B), which
shows how the electrode potentialE measured for an aqueous
solution in equilibrium with H2 gas depends on pH
(-log(aH+), whereaH+ is the activity of H+), and the H2

partial pressure,F(H2).
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In eq 2B,R is the gas constant,T is the absolute temperature,
n is the number of electrons involved ()2 for reaction 2A),
and F is the Faraday constant. The standard reduction
potential (E°) in this case is the standard hydrogen electrode
(SHE)sthe potential provided by an aqueous solution at pH
0, 25°C, in equilibrium with H2 gas at 1 bar pressuresand
is a common reference for other redox couples. In biochem-
istry, electrochemical measurements are made at higher pH
values that have greater physiological relevance, and “stan-
dard” reduction potentials under these conditions are replaced
by terms such asE°′ (a “formal potential”) or Em7 (a
“midpoint potential”, in this case determined from potenti-
ometry carried out at pH 7). Reduction potentials reflect
reducing powersthe more negative the potential, the more
potent is the electron donor. Some misconceptions arise: at
pH 7, under 1 bar H2, the reduction potential of the proton
is -413 mV vs SHE, but this value is considerably more
positive under the much lower H2 partial pressures that are
physiologically and environmentally relevant (see section
2.1). Figure 1 shows howE for the H+/H2 redox couple varies
with pH and log{F(H2)}.

The abundance of H2 in the lower atmosphere (0.5 ppm)
sets a realistic lower limit on its thermodynamic reducing
power, andE ) -227 mV at pH 7 (Figure 1). At pH 7,
0.1% H2 (1000 ppm, aboutµM) is in equilibrium with a 50%
NAD+/NADH mixture (E ) -320 mV), a fact that has
implications for soluble hydrogenases that catalyze formation
of NADH from very low amounts of H2. Conversely, NADH
in water at pH 7 would evolve H2 if there were no H2 present
to start with (provided an appropriate enzyme is present to
catalyze what is otherwise an extremely slow reaction).
Figure 1 is not a reflection of the redox potential in a living
cell, only an expression of the inherent electrochemical
properties of H2 itself as its partial pressure is varied. As we
discuss in sections 6 and 7, a certain level of H2 is also
important in protecting the active sites of hydrogenases
against formation of inactive states.

At very low levels, H2 not only loses its thermodynamic
potency, but the kinetics of reaction are slowed down. These
disadvantages are partly offset by its high diffusion coef-
ficient, which is the largest of any molecule, and since
diffusion rates scale as the square root of molecular mass,
the H2 molecule travels about four times faster than an O2

molecule and 18 times faster than NADH. The fact that a
H2 molecule will travel faster than any other molecule has
relevance both for cell physiology and electrochemistry
because it can escape quickly from its site of production.

1.2. Why Study Hydrogenases on an Electrode?
This Review describes how much can be learnt about the

properties of hydrogenases by applying a variety of dynamic
electrochemical techniques. Aside from scientific curiosity,
we will be interested to see how well these enzymes or their
inspired mimics could function as electrocatalysts in future
hydrogen technologies such as novel H2 fuel cells, “green”
H2 production, or H2 sensing.

Protein film voltammetry (PFV) is a term used to describe
the application of a suite of dynamic electrochemical
techniques to interrogate redox-active protein molecules
attached to an electrode. It is now well established that
proteins ranging from small electron carriers to large,
complex enzymes can be adsorbed on electrode materials
such as carbon and exhibit high rates of electrode-protein
(interfacial) electron transfer.4-7 In these experiments, di-
agnostic current signals arise as electrons are exchanged
between the enzyme and electrode as a result of catalytic
turnover and variations in electrode potential. The experiment
is depicted as a cartoon in Figure 2.

Dynamic electrochemical techniques are very different
from potentiometry8 because the focus is on recordingcurrent
(electron transfers and catalytic activity) as a function of
electrode potential rather than measuring the ratio of oxidized
to reduced components of a system that is at equilibrium
with a particular electrode potential. Techniques such as
cyclic voltammetry which have been used for over 40 years
to measure the redox properties of small molecules in
solution (their reduction potentials and stabilities) acquire a
fresh significance when dealing with complex enzymes that
are attached to an electrode surface. As we will show later,

2H+ (pH ) 0) + 2e- f H2 (1 bar) E° ) 0 V (2A)

E ) E° + 2.3RT/nF log{(aH+)2/F(H2)} (2B)

Figure 1. Plot ofE(H+/H2) vs F(H2) (logarithmic scale) according
to eq 2B for pH 5-8, 25 °C. H2 levels are provided as parts per
million (ppm) in the lower atmosphere or as partial pressure in bar
at atmospheric pressure. The gray area shows the levels of H2 that
are likely to be encountered by soil bacteria;3 the dashed line
corresponds to the level of H2 in the lower atmosphere;1 the hatched
area indicates typical levels of H2 employed in solution assays or
electrochemical studies of hydrogenases.2

Figure 2. Cartoon showing the configuration of an enzyme in a
protein film voltammetry experiment. Adapted with permission from
ref 5a. Copyright 2003 American Chemical Society.
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hydrogenases are not directly electroactive at an electrode
until they have become attached to (adsorbed on) the
electrode surface (Figure 2). A useful aspect of protein film
voltammetry is the minimal sample requirement: whereas
extensive spectroscopic measurements require quite large
amounts of material (a typical EPR sample may contain
several milligrams (tens of nanomoles) of enzyme), detailed
electrochemical results are obtained from less than a pico-
mole of enzyme on an electrode. This advantage is particu-
larly important for hydrogenases because preparation yields
are low (often no more than a few milligrams from 100 g
cells) and heterologous (over-)expression is challenging due
to the genetic complexity of hydrogenase assembly.2,9

Protein film voltammetry allows extensive exploration of
properties, and it can both complement and “trailblaze”
spectroscopic and structural investigations. We emphasize
in this Review that fast and direct control over the electrode
potential is critical in studies of hydrogenasessenzymes that
exist in numerous active and inactive states. As an example,
it has recently become apparent that uncertainty over the
presence of a sulfur-based bridging ligand in the active site
of [NiFe]-hydrogenases can be attributed in part to the
difficulty in achieving control over the redox state of protein
molecules in crystallographic experiments (see section 7.3).10

The importance of potential control is also appreciated by
considering the structural information that can be obtained
from infrared spectroelectrochemical studies, described in
the Review by Ferna´ndez et al. in this Issue, in which a gold
electrode in conjunction with soluble mediators is used to
produce specific redox states of a hydrogenase.11,12

1.3. Challenges and General Visionary Outlook
Hydrogen is heralded by many as a “fuel of the future”,

but more accurately, it is a form of stored energy and a
transportable fuel. Three major challenges are how to obtain
H2 in large amounts, how to store it, and how to release its
energy. The latter is the best developed because fuel cells,
albeit expensive, are becoming an accepted technology. At
present, H2 is stored by compression or liquefaction, although
there is intense interest in finding low-cost lightweight
materials that, like Pd, can reversibly absorb high volumes
of H2 but without the disadvantages of cost and prohibitive
weight (for transport).13 Only in rare cases, such as Iceland,
does H2 exist as a mineable resource, otherwise it must, in
the future, be obtained by splitting water.14 Whether this is
carried out electrolytically, photolytically, thermolytically or
“biolytically”, the catalyst is a prime consideration. At
present, most H2 is obtained from fossil fuels by reacting
methane with water at high temperatures (the “steam
reforming” reaction). But for those anxious to promote the
development of “green” H2 technologies, steam reformation
is really to be seen only as bridging the gap until H2 is
obtained from nonfossil sources without CO2 as a byproduct.
“Reformed” H2 is contaminated with H2S and COsgases
that poison Pt catalysts. Pure H2 is obtained mainly by
electrolysis, where, significantly, Ni and Fe electrodes are
used to electrolyze a concentrated alkali solution, although
a large overpotential is required.

“Bio-hydrogen” is the production of H2 using microbes,15

and two routes are available, fermentation or photosynthetic
production. Fermentation involves providing bacteria with
suitable carbon sources such as domestic waste.16 Photosyn-
thetic H2 production is potentially more attractive since
primary energy is captured, but it is complicated by the need

to avoid O2 damaging the active site of the enzymes.
Phototrophic microbes such as cyanobacteria and green algae
use energy from sunlight to oxidize water, generating a
transmembrane proton gradient and producing energetic
electrons. Although the electrons are usually used in NADPH
generation, under certain adverse growth conditions, par-
ticularly deprivation of sulfur, the green algae are able to
sustain photosynthetic ATP synthesis by diverting the
electrons to a hydrogenase that generates H2.17,18 This
hydrogenase, which is of the [FeFe]-type (see later), is highly
sensitive to the O2 that is released during water splitting,
and this process therefore does not persist under conditions
of illumination.19 Okura, Friedrich, and co-workers recently
fused a subunit of Photosystem I (PSI) from the cyanobac-
terium Thermosynechococcus elongatusto the O2-tolerant
[NiFe] membrane-bound hydrogenase ofRalstonia eutropha
H16.20 They demonstrated by gas chromatographic detection
of H2 that the spontaneously assembled composite hydro-
genase-PSI system catalyzes light-driven H2 production.
Direct electron transfer between PSI and the hydrogenase
side steps the physiological ferredoxin-mediated electron
transfer between PSI andT. elongatushydrogenase. The
electrochemical potential, whether pertaining to the biological
cell or a voltammetry experiment, is an important variable
for tuning catalytic activity: it not only controls catalytic
activity but it also determines the sensitivity of enzymes to
inhibitors and destructive agents such as O2.

Synthetic electrocatalysts for H-cycling are coming under
increased attention and might ultimately be based on the
active sites of the enzymes. If synthetic catalysts could be
attached to electrodes, new avenues could be opened up for
cheap electrolytic H2 production. Once again, a key issue is
likely to be O2 sensitivity, because it will be difficult to
substitute the “supramolecular” protection that is provided
by the protein environment to filter or neutralize attacks by
this aggressor.

2. Hydrogen and Its Redox Chemistry in Biology

2.1. Hydrogen Cycling in Biology
Atmospheric models predict that extensive future use of

H2 as a fuel will lead to increased atmospheric H2 levels
due to leakage during storage and transportation and to
incomplete fuel conversion.21 At the present time, the level
of H2 in the lower atmosphere, 0.5 ppm, is influenced mainly
by H2 released during fossil fuel combustion and microbial
production, atmospheric photochemical reactions that convert
H2 into H2O and CH4, and uptake of H2 by soil.21 In the
1980s and 1990s, Conrad and co-workers determined details
of soil H2 cycling and showed that the sub-ppm atmospheric
H2 levels are too low for uptake by soil micro-organisms.22

Thus, microbial H2 uptake from soil relies upon supple-
mented levels from geological and other biological activity.
In upland soils, N2-fixing root nodules release H2 as a
byproduct of ammonia formation catalyzed by nitrogenases.
In O2-poor wetland soil and submerged sediments, H+ ions
are important electron acceptors and H2 is produced by
hydrogenase action in fermentative bacteria.23 Dihydrogen
is also produced by algae and cyanobacteria that under certain
conditions use hydrogenases to consume electrons produced
by photosynthesis.15,24

Conrad defined zones in submerged wetland soils accord-
ing to a vertical redox gradient of microbial substrate
reduction reactions coupled to H2 oxidation (Figure 3).22
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Gradients of H2 and O2 concentration also exist in this
environment, and the range of H2 levels likely to be
encountered is highlighted by the gray box in Figure 1. In
the anaerobic fermentation zone, dissolved H2 is present at
a steady-state concentration in the 10-180 nM range
(equivalent to an atmosphere containing approximately 10-
180 ppm) and it is taken up by methanogens that couple H2

oxidation with the reduction of CO2 to CH4.22 Microbial
utilization of trace gases is defined by threshold concentra-
tions below which they are no longer consumed.3 Lovley25

and Conrad3 report that cultures of methanogens in sediments
are only able to oxidize H2 if it exceeds a threshold partial
pressure of about 70 ppm (corresponding to ca. 70 nM
dissolved H2). Some H2 diffuses upward to the sulfate
reduction zone, where sulfate-reducing bacteria (e.g.De-
sulfoVibrio) couple H2 oxidation to sulfate reduction. They
have a higher affinity for H2 than methanogens and lower
its steady-state concentration to ca. 2-10 nM. Levels of H2

are further depleted by the action of Fe3+ reducers and
denitrifying bacteria in the upper levels of submerged soil.

Dioxygen at the soil surface is consumed by aerobic
microorganisms and is therefore depleted rapidly with depth.
The uppermost, O2-rich niches are inhabited by aerobic
Knallgas bacteria (egRalstonia, formerly Alcaligenes) that
are able to grow on H2, O2, and CO2 as the sole sources of
energy and carbon.3 Only trace levels of H2 reach the surface,
and Knallgas bacteria have thresholds for H2 uptake of>1
ppm by volume (approximately 1 nM dissolved H2) and have
needed to adapt to considerable variation in levels of both
H2 and O2.22,26A question thus arises which can be addressed
by electrochemical methods: how compatible are hydroge-
nases, ancient enzymes that preceded O2 on earth, with
ambient levels of O2 and oxidizing conditions in general?

Arras et al. have considered the cellular levels of O2 likely
to be maintained by aerobes. They monitored the growth of
Pseudomonas putida, an organism that is physiologically
similar to R. eutropha, on different organic substrates at
various partial pressures of O2, F(O2).27 Growth becomes
severely limited atF(O2) below 10 mbar, particularly for
growth on aromatic substrates which the authors show are

only partially metabolized under microaerobic conditions.
Even at extracellularF(O2) as low as 1 mbar, the cytoplasmic
O2 concentration is maintained at the same level as that
outside the cell. The growth limitation must therefore arise
because the oxygenases required for organic substrate
oxidation have relatively highKM values for O2 (KM )
Michaelis constant, a measure of the affinity of an enzyme
for its substrate, where a highKM indicates a low affinity).27

Thus, it can be assumed that O2 levels above ca. 1 mbar are
maintained in actively growing cultures. In this Review we
will consider the challenge that these levels of O2 would
pose for aerobic H2 oxidation and show how electrochemical
experiments can assist in understanding the chemistry in a
quantitative manner (sections 7.1 and 8).

Interesting examples of hydrogen cycling arise in unusual
or extreme environments. Most strikingly, the H2 that is
released through geological action at volcanic vents is taken
up by thermophiles and hyperthermophiles.2 Closer to home,
the anaerobic environment of the human large intestine
houses methanogens and sulfate-reducing bacteria that
compete for H2 formed by fermentation of carbohydrates.28

An average H2 level of 43 µM has been measured in the
mucus layer of the mouse intestine, and it is becoming
apparent that high affinity hydrogenases expressed by
bacteria such asHelicobacter pylori(whole cellKM ∼ 1.8
µM) assist these human gastric pathogens to colonize the
niche environment of the stomach.29 High levels of H2 in
the breath have been used to diagnose carbohydrate malad-
sorption and may reach>70 ppm following lactose ingestion
by lactose-intolerant patients.30

Challenges to biological H2 oxidation and production arise
not only from O2 but also from other small molecules that
are expected to bind at H2 activation sites, including CO,
H2S, and even NO. Carbon monoxide may be present in soil
at nanomolar levels, arising from chemical conversion of
organic carbon and as an intermediate of microbial metabo-
lism, and it is consumed by bacteria including carboxydo-
trophs.3 Hydrogen sulfide is produced by sulfate- and sulfur-
reducing bacteria, and H2S can be formed at millimolar levels
in laboratory cultures of sulfate-reducing bacteria.31,32Nitric
oxide is an intermediate in nitrogen cycling, and its concen-
tration is balanced by the action of nitrifiers and denitrifiers
that haveKM values< 8 nM.3 A strong electrochemical
connection arises because the degree to which any of these
small molecules may inhibit a particular hydrogenase should
depend on the redox level of the active site prevailing during
catalysis under given conditions.

Electrochemical studies of H2 oxidation by hydrogenases
and solution assays for H2 uptake activity have focused on
high H2 levels under anaerobic conditions, usually 0.05-1
bar H2, indicated by the hatched region in Figure 1. The high
levels of H2 are far above physiological levels,3,33 and we
include in this Review some recent observations of interesting
effects in the voltammetric behavior of hydrogenases at very
low levels of H2 under both anaerobic and aerobic conditions.

2.2. Types of Hydrogenases
Utilization of H2 for energy was probably a crucial feature

of very early life on Earth and occurs everywheresin
bacteria, archaea, and lower eukaryotes. Convergent evolu-
tion led to three classes of hydrogenases that are able to
catalyze interconversion of molecular H2 and protons.
Although they share no sequence similarity,34 all three types
of hydrogenases utilize metal carbonyl active sites that are

Figure 3. Schematic representation of the vertical distribution of
redox reactions that contribute to the flux of H2 and other trace
gases in submerged wetland soil. Only trace levels of H2 reach the
O2-rich environment at the surface where aerobic Knallgas bacteria
are able to oxidize H2. Higher levels of H2 are available to
anaerobes. Depletion of H2 toward the surface is indicated by the
thickness of the vertical arrows. The potentials indicated are for
pH 7. Adapted from ref 3 with permission of the author and the
American Society for Microbiology Journals Department.
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unknown elsewhere in biology. The [FeFe]- and [NiFe]-
hydrogenases are named according to the metal composition
of their active sites, each being bimetallic centers with CO
and CN- ligands (Figure 4). The active sites are intriguing
in both biological and chemical terms: it is rare to find CO
and CN- as endogenous ligands in biology, and the metals
cycle through oxidation states that are unusual in coordination
chemistry. A subset of the [NiFe]-hydrogenase family, the
[NiFeSe]-enzymes, incorporate a selenocysteine coordinated
to the Ni in place of one of the terminal cysteine residues of
the standard [NiFe]-enzymes.35 In the third class of hydro-
genases, recently termed [Fe]-hydrogenases36 and found only
in methanogens, H2 is split at a mononuclear iron-carbonyl
center to release a proton and transfer a hydride to the hydride
carrier,N5,N10-methenyltetrahydromethanopterin.37,38

In this Review we focus on the [FeFe]- and [NiFe]-
hydrogenases that rely upon an electron relay chain for fast
electron transfer between the buried active site and the protein
surface. The active sites of these enzymes have certain
similarities as well as differences, and we will see how,
despite being products of convergent evolution, the [NiFe]-
and [FeFe]-hydrogenases show very similar chemical char-
acteristics, even in their respective behavior toward inhibitors
such as O2 and CO. The turnover rate for H2 oxidation
relative to the reverse reaction, H+ reduction (the inherent
preference for catalysis in one direction as opposed to the
other is known as thecatalytic biasof the enzyme), varies
among different hydrogenases (in section 5.6 we discuss how

this is quantified), but in general, [NiFe]-hydrogenases have
been classed as H2-oxidizers, whereas [FeFe]-hydrogenases
have been considered mainly to be H2-producers.

An issue familiar to organometallic chemists is the
significance of valence shell electron counting, particularly
when it is applied to carbonyl compounds. The so-called “18-
electron rule” (which predicts that a d-block organometallic
compound should be stable if the total number of electrons
involved in bonds between the metal and its ligands totals
18) applies most commonly to those elements located in the
middle of the d-block.1 These rules ought to apply to the
active sites of hydrogenases. Thus, in Figure 4, if the iron
atoms were assigned as FeII, they would each possess 16
valence electrons (presuming there is no Fe-Fe bond) and
be susceptible to attack by an additional ligand, taking the
electron count up to 18.

Although hydrogenases first evolved in an anoxic environ-
ment, the gradual accumulation of O2 in Earth’s atmosphere
(after the establishment of oxygenic photosythesis) and the
subsequent emergence of O2 respiration led to microbes able
to couple H2 oxidation to O2 reduction. Even so-called “strict
anaerobes” such as sulfate-reducing bacteria,DesulfoVibrio,
are often found in microbial mats at the interfaces of oxic
and anoxic environments and may even utilize the oxidizing
power of O2 under certain conditions.41 Oxygen-rich condi-
tions present a series of challenges for microbes that utilize
or produce H2. The sulfur-rich and often coordinatively
unsaturated metal sites at the active centers of hydrogenases

Figure 4. Representations of the X-ray crystallographic structures (constructed using Pymol) and active forms of the active sites of (A)
DesulfoVibrio gigas[NiFe]-hydrogenase (PDB code: 1YRQ)39 and (B)DesulfoVibrio desulfuricans[FeFe]-hydrogenase (PDB code: 1HFE).40

The identity of the bridgehead atom X in theD. desulfuricansstructure remains uncertain: it may be C, N, or O. Note how in either case
the electrons are transported through the enzyme molecule by a special relay system comprised of Fe-S clusters (shown as spheres).
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render these enzymes sensitive to attack by O2. Like H2, both
O2 and CO utilizeπ-back-donation in their bonding with
transition metal atoms, making them potential competitors
for H2 binding sites. Once bound, O2 can react further as an
oxidant, leading to a variety of possible products, including
peroxides and oxygenated sulfur species such as sulfenic
acids (-S-O-H) and sulfoxides (>SdO).42,43As discussed
below, channels identified in the protein framework of both
[NiFe]- and [FeFe]-hydrogenases probably facilitate access
of these gases to the active site. Further, the [NiFe]- and
[FeFe]-hydrogenases rely upon iron-sulfur clusters as
electron relay stations, and these centers are inherently
unstable in the presence of O2.

2.3. Redox Partners for [FeFe]- and
[NiFe]-Hydrogenases

2.3.1. In vivo Redox Partners
Hydrogenases have a complex range of cellular functions,

and sometimes several enzymes within one organism are
active in energy cycling. Indeed, the recently published
genome forDesulfoVibrio Vulgaris Hildenborough encodes
six hydrogenases, although only three are normally expressed
sufficiently to be detected.44,45 Periplasmic “uptake” hydro-
genases link H2 oxidation to reduction of various electron
acceptors including CO2, SO4

2-, NO3
-, fumarate, or O2 (see

Figure 3) and contribute to the establishment of a trans-
membrane proton gradient.34 The [NiFe]-hydrogenases of this
type (see Figure 4A) comprise a large subunit that incorpo-
rates the [NiFe]-active site and a small subunit that houses
an electron relay chain of FeS clusters which “wires” the
buried active site to the surface. Periplasmic uptake hydro-
genases may be anchored to the membrane via ab-type
cytochrome that mediates transfer of electrons from H2 to
the respiratory chain quinone pool (Figure 5A): examples
are the [NiFe]-membrane-bound hydrogenases (henceforth,
we will use the term “MBH” where a hydrogenase is believed
to be membrane bound in the cell) fromR. eutrophaor
Ralstonia metalliduransand Allochromatium Vinosum.46

Other bacteria, such asD. gigasandD. desulfuricans, express
soluble [NiFe]-hydrogenases that interact with ac-type
cytochrome (Figure 5B). All these [NiFe]-hydrogenases
appear to be particularly well-suited for protein film volta-
mmetry, probably because electron transfer to the electrode
(Figure 5C) is not dissimilar to electron transfer to their large
and often membrane-bound redox partners: in both cases,
an extensive contact area must be available at a point where
electrons can enter or leave the protein (see section 3.2.1).
An important assumption here is that the catalytic parts of

the enzyme molecule have dissociated from the membrane
“anchor” in order to form a good “conducting” contact with
the electrode surface.

A group of multi-subunit soluble hydrogenases incorporate
additional domains with flavin cofactors and diaphorase
(NAD(P)+ reducing) functionality. They may utilize the
reducing power of H2 to produce NAD(P)H, or to restore
redox balance by removing NAD(P)H and generating H2

from water.34 An example is the cytoplasmic bidirectional
“soluble hydrogenase” ofR. eutropha.47

D. Vulgaris and D. desulfuricansexpress a soluble
periplasmic [FeFe]-hydrogenase that is thought to be a H2

uptake enzyme.48 These hydrogenases are analogous to the
D. gigas[NiFe]-hydrogenase shown in Figure 5B and pass
electrons to soluble cytochromec. In contrast, the highly
O2-sensitive [FeFe]-hydrogenase I ofClostridium pasteur-
ianum is cytoplasmic and is a H2-producer, with the net
reaction being the oxidation of glucose by protons.49 The
electrons are supplied by ferredoxins, under iron-rich growth
conditions, or flavodoxins under conditions of iron starva-
tion.50 In green algae such asChlamydomonas reinhardtii,
[FeFe]-hydrogenases may be located in the chloroplast
stroma and catalyze H2 production linked to photosynthetic
electron transfer via interaction with a ferredoxin.51

2.3.2. In vitro Redox Partners
In Vitro hydrogenase activity is usually detected and

quantified through H2 uptake or production assays that
involve a soluble redox partner such as methyl viologen (Em7

) -446 mV), benzyl viologen (Em7 ) -358 mV), or
methylene blue (Em7 ) 11 mV).8 Indeed, Stephenson and
Stickland first identified hydrogenase activity in the 1930s
after noting that they had a culture capable of reducing
methylene blue in the presence of H2.52 The reaction can be
followed spectrophotometrically by monitoring the change
in concentration of the redox dye53,54 or by using a Clark
electrode to follow changes in H2 concentration.2 Viologens
are also used as titrants in potentiometry, and in spectro-
electrochemistry and mediated electrochemistry,55-57 where
the protein is not interacting directly with the electrode.
Certain cytochromessphysiological redox partners of some
hydrogenasesshave also been employed as mediators.56-58

In protein film voltammetry, the electrode acts as the direct
redox partner of the hydrogenase (Figure 5C), providing a
continuous flow of electrons, back and forth, as the potential
is varied. The advantage of having electrons “on-tap” will
be discussed in section 4. A redox center in the hydrogenase
(the electron entry/exit point) is held in close contact with
the electrode surface, and there is no need for mobile

Figure 5. Schematic representation of two-subunit periplasmic [NiFe]-hydrogenases with theirin ViVo redox partners: (A) a membrane-
bound hydrogenase (MBH); (B) a soluble periplasmic hydrogenase (this could also be an [FeFe]-hydrogenase); (C) an isolated hydrogenase
adsorbed on an electrode.
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electron-transfer mediators. However, in cases where the
protein is entrapped on the electrode as a multilayer film or
where the sample contains impurities that block sites on the
electrode, some enzyme molecules may be unable to
exchange electrons rapidly with the electrode and will only
undergo electrocatalysis in the presence of mediators. The
conditions required for direct adsorption of hydrogenases in
electroactive conformations remain unclear, but they are
discussed further in section 3.2.

2.4. Hydrogenase Structures: Biological
Plumbing and Wiring

2.4.1. Electron Relay Centers

The protein environment provides more than just a
protecting scaffold for the fragile and sensitive catalytic
centers. Both [NiFe]- and [FeFe]-hydrogenases incorporate
iron-sulfur clusters as electron relay centers to connect their
buried active sites to the protein surface (see Figure 4), and
in both classes of enzymes the clusters are typically
positioned 12-14 Å apart. Dutton and co-workers have
suggested that this type of spacing allows electron transfer
to be sufficiently fast as to not limit the rate of catalysis of
an enzyme,59 although this need not be the case when relay
centers are altered by deliberate mutations, as discussed in
section 5.7.

The combination of different iron-sulfur clusters found
in the relay varies between different types of hydrogenases,
and this may have important implications for catalytic activity
and bias. [FeFe]-hydrogenases have a [4Fe-4S] cluster bound
directly to the di-iron site via a bridging cysteine ligand
(Figure 4). As well as shortening the path for long-range
electron transfer, this iron-sulfur cluster must also be
regarded as an integral part of the active site, contributing
directly to the electronic and catalytic properties. X-ray
crystallographic studies show that theD. desulfuricans
[FeFe]-hydrogenase contains two [4Fe-4S] clusters in a
ferredoxin-like domain, whereas theC. pasteurianum[FeFe]-
hydrogenase I contains anN-terminal [2Fe-2S] ferredoxin-
like module and an additional [4Fe-4S] cluster. The [NiFe]-
hydrogenases fromD. gigas and D. fructosoVorans each
contain two [4Fe-4S] clusters and one [3Fe-4S] cluster,
whereas the [NiFeSe]-hydrogenase fromDesulfomicrobium
bactulatumcontains three [4Fe-4S] clusters.35 An interesting
feature of the [NiFe]- and [NiFeSe]-hydrogenases is the
presence at the distal [4Fe-4S] cluster (the cluster furthest
from the active site) of a histidine ligand rather than a
cysteine at one Fe subsite. The significance of this unusual
substitution is discussed in section 5.7.

2.4.2. Gas Channels May Control the Activity of
Hydrogenases

Hydrophobic channels sufficiently large to allow access
for gas molecules have been identified crystallographically
in a [NiFe]-hydrogenase (D. fructosoVorans) by the trapping
of Xe atoms within the protein at high Xe pressures.60

Modeling of gas access within theD. desulfuricans40 and
C. pasteurianum61 [FeFe]-enzymes suggests that gas channels
may also exist in this class of hydrogenases. Molecular
dynamics (MD) simulations indicate that although H2 easily
enters the protein, there is preferential occupation of certain
gas channels and, on the time scale (9 ns) of the MD
simulations, H2 accesses the active site via these channels.62

Similarly, X-ray crystallography studies of O2 and CO

movement in myoglobin have shown that protein cavities
(formed by introducing internal packing defects) are used
as pathways for ligand migration.62 In [NiFe]-hydrogenases
with H2-sensing and gene regulation roles, it has been
suggested that bulky isoleucine and phenylalanine residues
gate the end of a channel close to the Ni atom and hinder
access of larger neutral molecules (eg O2, CO, or H2S) to
the active site. Support for this hypothesis stems from
experiments on the O2-tolerant regulatory hydrogenases (RH)
from R. eutrophaH16 orRhodobacter capsulatusin which
replacement of these amino acids by less bulky valine and
leucine residues confers O2 sensitivity.63,64 We return to the
question of gas channels in [NiFe]-hydrogenases in section
7, where we discuss access of CO and O2 to the active site
of the membrane bound hydrogenase ofR. eutropha.

2.5. Complexity of Hydrogenase States
Newcomers to hydrogenase research are naturally over-

whelmed by the number of different states that have been
detected and sometimes characterized sufficiently to provide
a basis for a good molecular understanding. Chemical
features which are common to both [NiFe]- and [FeFe]-
hydrogenases include (a) the presence of one or more
oxidized states that are catalytically inactive but may serve
a purpose in being “resting states” that are unreactive to
destructive ligands such as O2, and (b) involvement of
uncommon oxidation states, such as Ni(III), Ni(I), and Fe-
(I). For both classes of hydrogenase, strong IR absorption
bands from active-site CO and CN- ligands are very helpful

Figure 6. Inactive and active states of (A) “standard” [NiFe]-
hydrogenases (e.g.D. gigas or A. Vinosum) and (B) [FeFe]-
hydrogenases (specifically, the enzyme fromD. desulfuricans).
Interconversions that have been detected in electrochemical experi-
ments are highlighted by colored arrows.
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for distinguishing between different states, including those
that are EPR-silent, whereas a potentially serious shortcoming
is the difficulty in locating H atoms and dealing with the
possibility of coordinated H2 when assigning oxidation levels.

Figure 6 summarizes the interconversions so far reported
for [NiFe]- and [FeFe]-hydrogenases, emphasizing (with
colored arrows) the reactions that can be studied by protein
film voltammetry. The situation is further confused because
different researchers have used different terms to identify
the same states. For example, in referring to inactive states
of [NiFe]-hydrogenases, the “Ready” state is also known as
Ni-B or Nir* and the “Unready” state is also known as Ni-A
or Niu*. In fact Ready and Unready are labels that relate to
their rates of reductive reactivation, whereas the correspond-
ing labels Ni-B/Nir* and Ni-A/Niu* are assigned to specific
active-site EPR or IR spectroscopic signatures (the asterisks
denote EPR detectability). These states are relevant to [NiFe]-
hydrogenases fromDesulfoVibrio species, orA. Vinosum, and
it remains to be seen whether analogous states are formed
with other [NiFe]-hydrogenases. Similar inconsistencies in
nomenclature have arisen for the [FeFe]-hydrogenases. We
stress that Figure 6 shows only states that persist long enough
to have been detected. Observation of very high catalytic
rates for both [NiFe]- and [FeFe]-hydrogenases means that
true catalytic intermediates remain uncharacterized. The
green boxes depicting active states are thus oversimplified
(for example, it is reported that only the interconversion
between Ni-C and Ni-R is reversible and this reaction
probably involves several intermediates).36,65

2.5.1. The Role of Protein Film Voltammetry in Navigating
between States of Hydrogenases

Dynamic electrochemistry of hydrogenases should be
considered as a complementary approach, working alongside
and in harmony with other physical methods. A possible
complication with interpreting crystal structures of redox
enzymes is that the oxidation level of the active site might
be unknown; moreover, two or more oxidation states might
coexist in the crystal. Spectroscopic methods can provide
more detailed information to help characterize a particular
state: this is because, compared to crystals, solution samples
for spectroscopy are easier to obtain in well-defined states
by titration and rapid quenching. Equilibrium electrochemical
measurements (titrations with mediators) link spectroscopic
characteristics to reduction potentials. In contrast, dynamic
electrochemical methods in general do not link directly with
spectroscopy but instead measure, simultaneously, (a) the
potentials at which reactions occur (both during catalysis and
when the enzyme is inhibited) and (b) the rates at which
these reactions occur over a variable potential range.

In protein film voltammetry, both oxidized and reduced
forms of a redox couple can be present simultaneously in
the cell solution and the rate of reaction in either direction
is controlled by the thermodynamic bias provided by the
electrode potential and the kinetic bias of the enzyme. The
electrode can also be considered as a reaction partner, able
to donate or accept electrons over a continuous range of
potential (electrochemical driving force).

3. Dynamic Electrochemical Methods for
Studying Hydrogenases

3.1. Electrochemical Equipment
A standard three-electrode setup is generally employed for

protein film voltammetry experiments. The counter electrode

is a platinum wire or gauze, and the reference is generally a
saturated calomel electrode (SCE) or a Ag/AgCl electrode.
The working electrode is typically carbon (particularly
pyrolytic graphite), but it can be gold modified with an
alkanethiolate self-assembled monolayer (SAM) that will
enable the protein to bind in a productive manner. There
are many possible configurations for the three electrodes,
and Figure 7 illustrates a selection of cell configurations that
have been used in electrochemical studies of hydrogenases.
In Figure 7A, the cell is open and consists of a main
compartment that houses the working electrode and the
counter electrode, and a reference compartment that is
connected to the cell via a luggin capillary, the tip of which
is located close to the working electrode. The working
electrode is a rotating disc electrode (RDE) that can be
rotated rapidly (500-10,000 rpm depending on the motor)
to provide a well-controlled flux of substrate and product to
and from the surface. As explained in section 4.2, the rotating
disc electrode is particularly important for highly active
enzymes such as hydrogenases, and its use is discussed
further in section 3.1.1. The cell is surrounded by a water
jacket for temperature control, whereas the reference elec-
trode is always held at an ambient standard temperature. The
primary gas atmosphere is controlled by bubbling gas into
the cell solution. A short-lived concentration of another gas
is achieved by injecting an aliquot of gas-saturated solution
and then allowing it to flush out of the cell solution: this is
the essence of a novel approach to extracting detailed
information on kinetic constants (see sections 5.3 and
7.1.1).66,67Since hydrogenases are generally O2-sensitive, the
use of an open cell usually necessitates confinement in an
anaerobic glove box.

Better control over the gas concentration is achieved by
sealing the glass cell onto the electrode rotator and flowing
gases through the headspace as shown in Figure 7B. This
design also incorporates a manifold for preparing gas
mixtures, and gases are passed through a purifier before
reaching the cell. In most cases, it is still desirable to house
the cell within an anaerobic glove box. Placing the counter
electrode in the same compartment as the working electrode
presents a possible source of contamination, since an
oxidative reaction at the working electrode results in a
corresponding reductive current at the counter electrode and
vice versa, and in some circumstances, O2 may be evolved
at the Pt electrode. Location of the counter electrode in a
compartment separated by an ionically conducting frit (e.g.
Vycor) may be necessary in some cases. The electrode
surface may also be illuminated.

Alternative electrode configurations have been developed
for exploitation of hydrogenases as electrocatalysts. Figure
7C shows a cell reported by Adams and co-workers for
studying hydrogenases adsorbed onto a packed bed of
graphite.68 This configuration is useful for stationary elec-
trodes because H2 is bubbled through the high surface area
graphite bed and this assists mass transport. A simple
enzyme-catalyst fuel cell may be constructed by combining
an electrode modified with an O2-tolerant hydrogenase (the
anode) with an electrode modified with an O2-reducing
enzyme such as fungal laccase (the cathode), as illustrated
in Figure 7D. This setup not only tests the technological
potential of enzyme catalysts but also reveals interesting
details about the behavior of hydrogenases under demanding
conditions of low H2 in air, close to the levels experienced
in biology (see section 8.2). Thus, fuel cell experiments not
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only provide a route to exploiting enzymes in energy
technologies but also tell us about how pairs of redox-coupled
enzymes might function in living cells.

3.1.1. The Importance of Controlling Mass Transport
Hydrogenases generally have very high rates of turnover

and low KM values. This means that the electrocatalytic
response (the current detected as a function of potential) of
a hydrogenase at a standard-sized (usually>1 mm diameter)
stationary electrode will often be limited by mass transport
of the reactant (H2). Consequently, the limiting current

plateau attained as the driving force is raised really only
reflects the rate at which H2 arrives at the electrode. As we
discuss further in section 4.2, this problem can be overcome
or minimized by rapid rotation of the working electrode, the
aim of which is to maintain the H2 concentration at the
electrode surface at (or close to) the level of that in the bulk.
The waveform and current at a high rotation rate then report
directly on the inherent catalytic properties of the enzyme
(and the rate of interfacial electron transfer to the electrode)
rather than merely reporting on the rate of transport of H2

to the electrode. An alternative strategy is to make the

Figure 7. Various electrochemical cells for studying enzymes with gaseous substrates. The working electrode is rotated in cells A and B
to provide efficient mass transport of substrate and product, and the reference electrode is housed in a side arm separated by a Luggin
capilliary so that it is held at constant (atmospheric) temperature while the cell temperature is controlled by a thermostated water jacket.
These cells are typically housed within an anaerobic glove box. Gases are bubbled through the cell solution in design A but flowed through
the headspace in B after passage through a purifier column. Gas mixtures may be prepared in design B by introducing component gases
into a mixing chamber at appropriate relative pressures (<100 bar) or mixing at ambient pressure using calibrated mass-flow controllers.
For experiments requiring controlled light conditions, the walls of cell B are blacked-out and a light source is introduced below the solution.
Panel B is adapted from Vincent, K. A., Cracknell, J. A., Parkin, A., & Armstrong, F. A.Dalton Trans.2005, 3397-3403 with permission
of The Royal Society of Chemistry. Cell C was designed for trials of a fuel cell electrode consisting of a packed graphite bed modified with
hydrogenase; gas bubbling assists substrate supply. In this design, the reference electrode is not held at constant temperature but is always
at the cell temperature. Panel C is reprinted fromEnzyme Microb. Technol., Vol. 36, W. Johnston, M. Cooney, B.Y. Liaw, R. Sapra, M.
W. W. Adams, “Design and characterization of redox enzyme electrodes: new perspectives on established techniques with application to
an extremeophilic hydrogenase” 540-549, Copyright 2005, with permission from Elsevier. Panel D: a simple design for a membraneless
fuel cell that exploits enzymes as catalysts for H2 oxidation and O2 reduction. A proton-conducting electrolyte (this can be a film of
aqueous buffer) is all that is used to separate the anode (graphite modified with hydrogenase) from the cathode (graphite modified with an
O2-reducing enzyme such as fungal laccase).
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enzyme film less dense by polishing away some of the
enzyme molecules so that it behaves like an array of
microelectrodes, each with efficient radial substrate diffu-
sion.69 In section 5.1 we discuss voltammograms obtained
for a very active film of hydrogenase, which show how
difficult it can be to remove mass transport control, particu-
larly at low H2 levels that are depleted so easily.

3.1.2. Gas Supply and Gas Purity

The tiny quantities of sample addressed in protein film
voltammetry experiments mean that the effects of even trace
quantities of impurities in the gas supply can be detected.
Highly O2-sensitive hydrogenases, such asDesulfoVibrio
gigas [NiFe]-hydrogenase, may be susceptible to oxidative
damage or inactivation even when exposed to high-purity
H2 that is certified to contain<1 ppm O2 (e.g. Air Products
Premier Grade H2). For this reason, the gas inlet line should
include a purifier column containing an O2-scrubbing
catalyst, for example, Varian Gas Clean Oxygen Filter (outlet
<50 ppb O2; Figure 7B).

3.1.3. Light Intensity

A number of hydrogenases show light-dependent reactiv-
ity, usually involving dissociation of photolabile carbonyl
groups.70,71 In order to explore photoactivity coupled to
electrochemical reactions, a halogen lamp is included in the
cell shown in Figure 7B. With the glass cell blacked out,
the illumination level may then be varied during experiments.
The use of a Reed switch permits the light to be controlled
through the glove box window.

3.2. Methods for Preparing Hydrogenase Films on
Electrodes

Hydrogenases only undergo direct electron transfer or
electrocatalysis when adsorbed on an electrode surface. In
early studies of hydrogenase electrochemistry in the 1970s,
redox mediators were included in the electrolyte solution to
facilitate electron transfer to hydrogenase molecules in
solution or in poor contact with an electrode.72 However,
navigation through the many states of these enzymes (Figure

Figure 8. Various early observations of electrocatalysis by adsorbed hydrogenases. Panel A: Current vs potential plot for H2 oxidation
and H+ reduction at a carbon black electrode with immobilizedT. roseopersicinahydrogenase in enzyme-free phosphate buffer, pH 7.0,
30 °C. Reprinted with permission fromJ. Biotechnol., Vol 27, S. D. Varfolomeyev, A. I. Yaropolov, A. A. Karyakin, “Bioelectrocatalysis:
The electrochemical kinetics of hydrogenase action” 331-339, Copyright 1993, with permission from Elsevier. Panel B: Electrocatalytic
reduction of H+ (i′red) and oxidation of H2 (i′ox) observed for a vitreous carbon electrode in contact with a drop ofM. elsdenii [FeFe]-
hydrogenase (2µM) exposed to H2. Other conditions: pH 8.6, 10 mV s-1, 22 °C. Attenuation of the current response is observed during
the three potential cycles. Reprinted from Butt, J. N.; Filipiak, M.; Hagen, W. R. Direct Electrochemistry ofMegasphaera elsdeniiiron
hydrogenase.Eur. J. Biochem.1997, 245, 116-122, with permission from Blackwell Publishing. Panel C: Cyclic voltammograms recorded
at 50 mV s-1 during adsorption ofA. Vinosum[NiFe]-MBH from dilute solution (1µM hydrogenase in mixed buffer, pH 6.0, 0.1 M NaCl)
onto a freshly polished stationary PGE electrode under N2 at 30°C. The poly-cationic coadsorbate polymyxin B sulfate (0.2 mg mL-1) is
present in solution. H2 that is produced at low potentials is reoxidized as the potential is scanned toward more positive values. Adapted
from ref 75 with permission, Copyright 2004, American Chemical Society. Panel D: Cyclic voltammograms for a pyrolytic graphite electrode
in contact with 9 nMD. Vulgaris Hildenborough hydrogenase under N2 (i) in the presence of 0.16µM poly-L-lysine (MW 37,000) and (ii)
without poly-L-lysine. Other conditions: 0.10 M Tris-HCl, pH 7.70, scan rate 5 mV s-1. The blank electrode response is given by the
dotted line in (ii). Reproduced and adapted from ref 77 by permission of ECSsThe Electrochemical Society.
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6) is difficult (if not impossible) if the enzyme is free in
solution, because full potential control is lost. Direct
electronic contact between the protein and the electrode (as
shown in Figure 5C) provides much more precise control,
and methods have since been established for preparation of
highly electroactive films of hydrogenase, usually on graphite
electrodes. Voltammetric studies of hydrogenases have been
directed either (a) toward understanding the activity and
reactivity of hydrogenases, usually on disk electrodes and
requiring enzyme catalytic behavior that is not limited by
mass transport of substrate or interfacial electron transfer,
or (b) toward generating enzyme electrodes that are good
electrocatalysts for H2 oxidation or H2 evolution, requiring
robust films with activity that ideally approaches the
expectation for a mass-transport limited current. As we show
in later sections, these approaches actually go hand-in-hand,
because a fundamental understanding of the potential-
dependent behavior of hydrogenases and their reactions with
small molecules is essential if they are to be exploited as
catalysts in hydrogen-cycling technologies.

3.2.1. Direct Adsorption of Hydrogenase onto an
Electrode

In the early 1990s, Varfolomeyev et al. showed that
Thiocapsa roseopersicina[NiFe]-hydrogenase gave an elec-
trocatalytic response when adsorbed on a carbon black
electrode.73 Under an argon atmosphere, negative currents
were detected corresponding to H+ reduction, whereas, under
a H2 atmosphere, the H+ reduction was suppressed, and a
large positive current was observed at higher potentials
corresponding to H2 oxidation (Figure 8A).73 Because these
measurements were made in enzyme-free buffer solution with
no mediator, it was clear that the hydrogenase was exchang-
ing electrons directly with the electrode.

In 1997, Butt and colleagues reported direct electrochem-
istry of Megasphaera elsdenii[FeFe]-hydrogenase at a glassy
carbon electrode in contact with a drop of solution (Figure
8B).74 The voltammetric response persisted after the electrode
was rigorously rinsed and inserted into enzyme-free elec-
trolyte, indicating again that the electroactive enzyme was
adsorbed on the electrode surface. Direct adsorption onto a
freshly polished pyrolytic graphite surface dipped in dilute
protein is a straightforward method for preparation of highly
electroactive films for many hydrogenases.66,74-76 Pershad
et al. reported in 1999 that this approach works well for the
[NiFe]-MBH of Allochromatium (formerly Chromatium)
Vinosumon a pyrolytic graphite edge (PGE) electrode.75 (A
PGE electrode consists of a piece of pyrolytic graphite that
is oriented so as to project the edges of the aromatic layers
toward the electrolyte; see below.) Cycling the potential at
a stationary electrode during adsorption ofA. Vinosum
[NiFe]-MBH (from 1 µM solution) under a N2 atmosphere
provides a convenient means of monitoring growth of the
film, as shown in Figure 8C. In these scans, H+ is reduced
by the enzyme at low potentials, giving rise to a negative
current. The H2 produced in this reaction (which remains in
the vicinity of the enzyme because the electrode is not
rotated) is reoxidized as soon as the potential is taken above
about-0.4 V, giving rise to a positive current that drops
off at higher potentials as the H2 concentration close to the
electrode becomes depleted. Any hydrogenase that can both
evolve and oxidize H2 rapidly will show a similar response
as it adsorbs at a stationary electrode, and therefore, the
voltammograms generated during film formation do not
convey any specific information.

Addition of a poly-amine coadsorbate such as polymyxin
B sulfate (0.2 mg mL-1) to the enzyme solution improves
adsorption ofA. VinosumandD. gigas[NiFe]-hydrogenases
andDesulfoVibrio desulfuricans[FeFe]-hydrogenase on PGE.
The coadsorbate also stabilizes the film when the electrode
is transferred to enzyme-free solution. However, polymyxin
appears to have little beneficial effect on adsorption of the
Ralstoniamembrane-bound hydrogenases, perhaps because
of a different surface charge distribution. Films ofA. Vinosum
[NiFe]-MBH with polymyxin on PGE are stable for several
hours, enabling many experiments to be carried out on the
same film. Bianco and Haladjian used poly-L-lysine to adsorb
a hydrogenase fromDesulfoVibrio Vulgaris Hildenborough
on a pyrolytic graphite electrode.77 Under a N2 atmosphere,
a solution of hydrogenase containing poly-L-lysine gave a
strong H+ reduction response, with H2 reoxidized at higher
potentials (Figure 8D). In the absence of the coadsorbate,
the electrochemical response resembled that of the blank
electrode. The requirement for poly-L-lysine suggests that
the response is due to enzyme that is adsorbed on the
electrode surface, although all experiments were conducted
with hydrogenase present in the electrolyte.

Figure 9. Panel A depicts how a film of protein is formed on a
pyrolytic graphite “edge” electrode by spotting dilute protein onto
the surface. Panel B is a scanning electron micrograph of the “edge”
surface of pyrolytic graphite polished with 1µm R-alumina, rinsed
with water, and then sonicated for 10 s in water (from ref 78).
Particles of alumina remain on the surface but are removed upon
further sonication. Reprinted fromJournal of Solid-state Electro-
chemistry, Vol. 10, 2006, p 830, “The pyrolytic graphite surface
as an enzyme substrate: microscopic and spectroscopic studies”
C. F. Blanford, F. A. Armstrong, Figure 5b, Springer-Verlag 2006,
with kind permission of Springer Science and Business Media.
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Figure 9A depicts one of the ways a protein film can be
formed on a PGE electrode.78 The PGE surface is chemically
heterogeneous in terms of having a variety of different
oxidized carbon functionalities (such as CdO, C-OH, and
COOH),79 and polishing with alumina makes it extremely
rough with deep cracks and defects, as shown in the scanning
electron micrograph (Figure 9B).78 These factors may be
important in providing adsorption sites for a diverse range
of proteins. The PGE electrode might indeed be regarded as
providing a “combinatorial” surface for protein binding,
usually offering at least some binding zones that will favor
productive adsorption of a particular protein.

In Figure 10 we depict how a hydrogenase that is binding
in a productive orientation, i.e., able to carry out fast
interfacial electron transfer (because the entry/exit site can
get close to the electrode), would appear to the underlying
electrode. The electrostatic surface projection ofD. gigas
[NiFe]-hydrogenase (panel B) shows a ring of negative
charge encircling the region close to the distal cluster: this
suggests that productive binding will require a compensatory
ring of positive charges on the electrode, and this may be
why poly-cationic coadsorbates such as polymyxin are
important in stabilizing a film.

Adsorption of hydrogenases onto pyrolytic graphite basal
plane (PGB) electrodes sanded with a fine emery paper57,77

probably reflects adsorption at “edge” defects that are created
on the basal surface by abrasion, since it was noted that
polishing with alumina does not result in enzyme adsorption.
Adsorption at a small total area of defect sites may explain
the very small current responses (on the order of 100 nA)
reported at 65°C for hydrogenase from the hyperthermophile
Aquifex aeolicuson PGB.57

3.2.2. Strategies for Entrapment and Attachment of
Hydrogenases at Electrodes

A freshly polished PGE disc electrode is excellent for
studying hydrogenase reactions under controlled conditions,6

but electrodes with a much larger surface area, possibly
porous, are desirable for technological applications such as
fuel cells. The importance of scaling up and achieving long-
lived electrocatalysis requires the development of strategies
for attaching the enzymes firmly to the electrode rather than

relying on the weak, noncovalent interactions that are
produced by coadsorbates such as polymyxin.

Morozov et al. have reported adsorption ofT. roseoper-
sicinaandD. fructosoVorans[NiFe]-hydrogenases onto bare
carbon or carbon modified with a viologen-containing poly-
(pyrrole) derivative. This polymer is prepared by depositing
the monomerN-methyl-N′-(12-pyrrol-1-yldodecyl)-4,4′-bi-
pyridinium ditetrafluoroborate, in acetonitrile, onto a carbon
support and then electropolymerizing by cycling the potential,
which appears to enhance coverage and film stability. High
currents, close to 1.4 mA/cm2, are recorded at an over-
potential of ca. 200 mV.80-82 Johnston et al.68 adsorbed the
bifunctional H2-oxidizing/sulfur reducing hydrogenase I from
the extremophilePyrococcus furiosusonto pyrolytic carbon
paper or a packed graphite column (Figure 7C) in an attempt
to form a robust enzyme electrode for fuel cell applications;
however, they obtained small current responses.68

Bianco and co-workers carried out experiments in which
small volumes (1-2 µL) of protein are trapped between a
graphite electrode and a piece of dialysis membrane.83,84 A
D. Vulgaris [FeFe]-hydrogenase solution (67µM) examined
in this configuration showed an electrocatalytic H+ reduction
current, but the membrane strategy did not enhance stability
as the current was attenuated after the first electrode-potential
cycle and restored only after the electrode was repolished
and re-exposed to enzyme.83 These studies are likely to be
complicated by exchange of enzyme molecules between the
electrode and the trapped solution layer, and thus, it is unclear
whether the whole of the sample addressed electrochemically
was subjected to the same regime of potential control. A
similar membrane-electrode approach was used by Ikeda et
al.,55 and later by Bianco and co-workers,85 to facilitate
methyl viologen or cytochromec3-mediated H2 production
or uptake from whole cells ofD. Vulgaris Hildenborough
trapped close to a glassy carbon electrode. Little information
has been deduced from such experiments beyond the fact
that currents> 50 µA cm-2 can be achieved for either H2

uptake or production.85 Lojou et al. have also demonstrated
H2 oxidation at electrodes modified with clay films that
incorporate [FeFe]-hydrogenase fromD. Vulgaris Hilden-
borough and either its physiological redox partner (a poly-
heme cytochromec3) or methyl viologen.57 Although they

Figure 10. (A) A molecule ofD. gigas[NiFe]-hydrogenase (PDB code: 1YQW)39 viewed looking up the electron-transfer relay into the
enzyme from the distal cluster that is the closest entry/exit point to the electrode surface. The large subunit is shown as a green ribbon, the
small subunit is shown as a brown-yellow ribbon, and clusters are shown as spheres. (B) The same view but shown as an electrostatic
surface, illustrating the complex charge distribution (red) negative; blue) positive) that is a footprint for interaction with the heterogeneous
graphite surface. Representations constructed using Pymol.
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attribute a single reversible, noncatalytic electron-transfer
peak observed at about-0.3 V vs SHE in the absence of
mediator, under H2, to direct electron transfer between
hydrogenase and the electrode,57 it is difficult to see how
nonturnover signals can be associated with intact, active
hydrogenase if catalysis is not observed simultaneously.

Miyake and co-workers have described a method for
preparing a Langmuir-Blodgett film of hydrogenase on an
indium tin oxide electrode by compression of an enzyme
layer at the interface of air and aqueous buffer.86,87The film
of T. roseopersicina[NiFe]-hydrogenase showed electro-
chemical H2 evolution at-0.55 V only in the presence of
methyl viologen, which is presumably acting as a mediator.

In addition to physical entrapment, strategies are being
sought for covalent attachment of hydrogenases to the
electrode surface. Although there are numerous methods for
attaching proteins to surfaces, it is important for electron-
transport enzymes such as hydrogenases that the coupling
establishes a close contact between the electrode surface and
the electron entry/exit site: for a hydrogenase, this would
involve attachment close to the “distal” FeS cluster, that
furthest from the active site. A method for attachment of
amine functionalities onto carbon electrodes reported earlier
by Savéant and co-workers was adapted by De Lacey and
co-workers for covalently attachingD. gigas[NiFe]-hydro-
genase, probably via glutamic acid side chains, to 4-amino
phenyl groups introduced onto the graphite electrode.88

Stability was good (90% activity remaining after 1 week at
1 bar H2 and room temperature) and probably better than
would be observed for enzyme in solution under these
conditions. As with direct adsorption of enzyme onto PGE
electrodes, some enzyme molecules are probably orientated
incorrectly for electron transfer and thus do not contribute
to the electrochemical response. Further, hydroxylamine
groups in the linker give redox peaks around 0 V vs SHE
which convolute the high potential region of the voltammo-
gram where interesting inactivation reactions of the enzyme
occur (see section 6).

Strategies for covalent attachment of hydrogenases in
electroactive conformations need to be developed further if
hydrogenase-modified electrodes are to be employed as
robust electrodes for fuel cells or H2 production applications.

4. The Study of Enzymes by Protein Film
Voltammetry

4.1. How Reactions Are Induced by the Electrode
Potential

The direction of catalysis (i.e. whether H2 is oxidized or
evolved) is dictated by the electrode potential in accordance
with the Nernst equation (eq 2B). The relative activities in
either direction depend on the inherent bias of the enzyme
itself, which may relate to the perceived physiological role
of a particular hydrogenase with respect to H2 oxidation
(uptake) or H2 evolution. At a finer level, the electrode
potential is also an essential control factor in the transforma-
tions between the states of hydrogenase that are shown in
Figure 6. The other factors are those familiar in conventional
solution studies, i.e., pH, variations in gas atmosphere,
temperature, introduction of inhibitors, and variations in light
conditions. The electrode potential can be varied as a linear
potential sweep, a modulated potential sweep, or one or more
potential steps (measuring the current as a function of time
at a constant potential is known as chronoamperometry).

Although PGE is an excellent material for adsorbing proteins,
it is not an ideal electrode for potential step experiments
because the high charging currents with long time constants
mask reactions that occur within time scales of about 5 s.89-92

The ability to achieve both potential and time resolution
is crucial in the analysis of complex interconversions because
it allows the detection of thermodynamically unstable states
and key aspects in the determination of mechanism, including
the order of events. An example is the well-known electro-
chemical concept of an “EC” reaction: this is a sequence in
which a chemical (C) step is preceded by an electrochemical
(E) step, and it is easily diagnosed by voltammetric meth-
ods.93 Good examples of EC reactions are activation of Ready
(section 6.2) and Unready (section 7.1.1) states of [NiFe]-
hydrogenases.

4.2. What Does Protein Film Voltammetry Reveal?
The essence of protein film voltammetry in studies of

electron-transport enzymes lies in the ability to control and
measure catalytic electron flow simultaneously and to link
this catalytic activity to different components and properties
of the enzyme. Importantly, the current (usually denoted by
a lower casei) is directly proportional to the rate of catalytic
electron flow (usually given by a lower casek). By scanning
or stepping the electrode potential, the rates and direction
of electron flow can be changed, and specific sites in the
enzyme can be interconverted between different redox states,
not only modulating catalytic rates but also inducing activa-
tion, inactivation, or greater susceptibility to attack by
inhibitors. It is normal practice in any kinetic study to test
the effect of varying conditions (such as pH): in a voltam-
metry experiment, it is quite easy to distinguish between a
change in catalytic rate that is due to an interesting kinetic
factor and a change that is simply a consequence of varying
the thermodynamic driving force.

Figure 11 shows a conceptual model for interpreting the
protein film voltammetry of an enzyme.5 In this model,
catalytic electron flow is divided into three stages, analogous
to a series of resistorsΩE, Ωcat, and Ωtrans, that express
inherent barriers to interfacial electron transfer, enzyme
catalysis, and substrate mass transport, respectively. The
capability of the series for fast electron flow is better

Figure 11. Catalytic electron flow through an enzyme on an
electrode in which the possible rate-determining stages are repre-
sented by resistors in series. The electron entry/exit site is the lower
one of the relay centers indicated as circles. Reprinted and adapted
with permission from ref 5a. Copyright 2003 American Chemical
Society.
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represented in terms of the conductance (σ ) 1/Ω). The total
conductanceσtot is given by 1/σtot ) 1/σE + 1/σcat + 1/σtrans,
where, in the language of enzyme kinetics,94 individual 1/σ
values express the respective electron transit times for each
stage. Ideally, the current-potential characteristics should
reflect the inherent properties of the enzyme (σcat) and not
interfacial (electrode-enzyme) electron transfer or mass
transport of substrate; thus,σE andσtrans should be as large
as possible.

In the first instance,σE (reflecting the ease of interfacial
electron transfer) is related to the standard electronexchange
constantk0, which depends on the location of electron relay
centers in the enzyme and how effectively at least one of
these centers (the electron entry/exit site) makes electronic
contact with the electrode surface. For a hydrogenase, we
would expect the electron entry/exit site to be the distal iron-
sulfur cluster. The actual rate of interfacial electron transfer
kE is related tok0, and for reasonably small potential ranges,
kE is expected to increase exponentially with overpotential
(the electrochemical driving force|E - E°′|) according to
eqs 3A and 3B, which are for oxidation and reduction
reactions, respectively.

In these equations,f ) F/RTandR is known as the transfer
coefficient (a typical value is 0.5). Ideally (but see later),k0

is sufficiently large that fast interfacial electron transfer is
achieved easily with a small driving force. Noting (see
section 5, eq 7) that the current in either direction is directly
related to the rate of electron flow by the expressioni )
nFkΓA (whereA is the electrode surface area andΓ is the
electroactive coverage of enzyme molecules), we obtain an
equation for the net current (the Butler-Volmer equation)
expected for any potential valueE:

The Butler-Volmer equation lies at the heart of electro-
chemical kinetics. It is analogous to the Marcus model
provided the overpotential|E - E°′| is smaller than the
reorganization energy for the redox reaction occurring.

For optimizingσtrans, we exploit the fact that transport of
substrate to the enzyme as well as product dispersion can
be controlled hydrodynamically by rotating the electrode at
high speeds. The current at a planar rotating disc electrode
is given by the Levich equation (eq 5),

whereD is the diffusion coefficient of the substrate (note
that D-values are very large for H2 and H+), ν is the
kinematic viscosity of the solvent,ω is the electrode rotation
rate,C is the concentration of the substrate, and other terms
have already been defined. Quite simply, the current increases
as the square root of the electrode rotation rate, and this is
seen later in Figure 20B. Eventually, the conductance
componentσtranswill cease to control the current. Depending
on the activity of the enzyme, the linear relationship between
the current and the square root of the electrode rotation rate
(ω1/2) predicted by the Levich equation (eq 5) breaks down
asω continues to increase and control passes to the enzyme.

The observed relationship between current and rotation rate
is then given by the Koutecky-Levich equation (eq 6),

wherei lim(ω) is the limiting (plateau) current at rotation rate
ω (see below; for example, Figure 15A),i lim is the maximum
limiting current achieved at infinite rotation rate, and the
other terms have been defined earlier. Althoughi lim is
normally obtained from the intercept of a plot of 1/i lim(ω)

against 1/ω1/2, it is often possible to obtain an approximation
by using a rotation rate above which the current and
waveform no longer change significantly whenω is in-
creased. As mentioned earlier, mass transport control is
removed entirely if a microelectrode (<1 µm diameter) is
used or if the enzyme is present only at very dilute coverage
on a normal macroelectrode (see section 3.1.1).

Even if σE andσtrans. σcat, so that the current response is
controlled by the enzyme, the sensitivity of the measurements
and the quality of the information will depend on the activity
of the enzyme because a high turnover rate translates directly
into a large catalytic current. The signal-to-noise advantage
for a highly electrocatalytically active enzyme is analogous
to that achieved in spectrophotometric measurements of a
protein possessing an intense chromophore. Both transient
and steady-state experiments can be performed on the same
sample, and the minuscule sample quantity presents a further
opportunity, that of being able to see the enzyme responding
to extremely low levels of an inhibitor.

4.3. Enzymes as Complex Electrocatalysts
In section 4.2 and Figure 11, we considered an adsorbed

enzyme as one of a series of resistors. The enzyme itself
can be thought of as a machine comprising a host of
electronic components such as relays, switches, gates,
resistors, capacitors, diodes, and feedback circuits. A vol-
tammogram recorded in the presence of substrate reveals at
least two properties of the enzyme. First, thecurrent is a
direct measure of the rate of catalytic electron flow through
the enzyme and it reflects the turnover rate at specific
electrode potentials. If the electroactive coverage of enzyme
is known, the current can be converted into a turnover
frequency analogous to values obtained by conventional
steady-state kinetics (see below). Second, thepotential at
which catalysis occurssusually the steepest part of the climb
in activitysreflects the identity of the electrochemical
“control center”. The electrochemical control center is unique
to voltammetric experiments with enzymes as opposed to
simple electron-transfer proteins. The control center is the
redox site up to which there is fast and reversible electron
exchange with the electrode (Figure 12).

For most enzymes, intramolecular electron transfer is rapid,
so that the control center is the catalytic site; but cases may
arise where the rate-determining step is an intramolecular
electron transfer. This could occur when a conformational
change is required to facilitate long-range electron transfer.95

The control center is then one of the relay sites (such as a
heme or Fe-S cluster), so that details of the catalytic action
further up the line are not revealed.5 When interfacial electron
transfer is rate determining, the voltammogram may not
reveal a clearly defined potential for the control center, and
this is frequently the case for hydrogenases because they have
particularly high activity.

1
i lim(ω)

) 1
i lim

+ 1

0.62nFAD2/3ν-1/6ω1/2C
(6)

kE(ox) ) k0 exp{Rnf(E - E°′)} (3A)

kE(red)) k0 exp{-(1 - R)nf(E - E°′)} (3B)

iE ) i0[exp{Rnf(E - E°′)} -
exp{-(1 - R)nf(E - E°′)}] (4)

i(ω) ) 0.62nFAD2/3ν-1/6ω1/2C (5)
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The advantage of being able to observe the catalytic rate
directly is that any change in activity is immediately
observable. The rate at which this change occurs in response
to a stimulus such as a potential step or injection of an
inhibitor (i.e. the kinetics of the transformation) is directly
obtained from the current-time trace. This is illustrated in
Figure 13, which compares how a change in catalytic
turnover rate following a perturbation is observed in a
conventional experiment as opposed to an electrochemical
experiment. In the latter case, the two levels of activity are
clearly distinguished and the kinetics of interconversion are
easily measured.

4.4. Differences between Characteristic Potential
Values Measured by Potentiometry and by
Catalytic Voltammetry

Should we expect voltammetric and potentiometric meth-
ods to give the same values for a reduction potential? There
are different ways of looking at this issue. First, consider an
electron-transport enzyme which contains (i) a redox active
catalytic site, at which the substrate is bound and trans-
formed, and (ii) one or more relay centers to mediate long-
range electron transfer between the protein surface and the
catalytic site. The redox properties of centers in these
enzymes have traditionally been measured by potentiometric
methods, but whereas the relay centers have simple redox
chemistry (they cycle between two states simply differing
by one electron), the catalytic site cycles through complex
states, including those with bound substrate and short-lived
intermediates. Therefore, it is important to question the
meaning of a reduction potential for such a catalytic site that
is measured by potentiometry, usually in the absence of the
substrate. It is obvious that if the enzyme is active, the
substrate will be transformed, and no equilibrium can be
established. This is probably not true for electron relay

centers such as Fe-S clusters for which titrations with and
without substrate may yield the same values. Potentiometric
titrations of hydrogenases are particularly problematic be-
cause H2O is the source of substrate: application of
sufficiently negative potentials should thus result in catalytic
turnover, and equilibrium cannot be achieved. In other words,
an enzyme that is active in H2 production cannot be titrated
below the potential at which H2 should be formedsany
results contradicting this are likely to have stemmed from
inactive or damaged enzyme. Consider also the activation
of a hydrogenase measured by reductive potentiometric
titration. If H2 binds rapidly but only to a reduced active
state, then the potential at which the site is reduced must be
raised, and when no H2 is present, the value must be different.

5. Electrocatalytic Activity of Hydrogenases
We now consider PFV applied to hydrogenases, focusing

on studies that have revealed details of catalytic constants,
activity, inactivation/reactivation, inhibition, or applications.
Few hydrogenases have been isolated and purified, and the
[NiFe]-enzymes fromAllochromatium Vinosum (MBH),
DesulfoVibrio fructosoVorans, and D. Vulgaris and theD.
desulfuricans[FeFe]-hydrogenase have become particularly
important test systems for the reactions of hydrogenases as
determined through electrochemical measurements. The
active and inactive states depicted in Figure 6 apply to these
systems, and also the crystallographically characterizedD.
gigas [NiFe]-hydrogenase andClostridium pasteurianum
[FeFe]-hydrogenase I. In the following sections, we describe
how the interconversions of these hydrogenases are revealed
in electrochemical experiments and what has been learnt
through PFV studies on hydrogenases that are not yet
structurally characterized.

In defining the electroactivity of hydrogenases, it is helpful
to distinguish between theinherentactivity of the active site

Figure 12. Concept of the electrochemical control center in an
enzyme. (A) The control center is the last site up to which electron
transfers from the electrode are fast and reversible; in this case it
is the active site. Note that the rate-determining step occurs
downstream of the control center. (B) An ideal voltammogram in
which the half-wave potential is defined by the electrochemical
properties of the control center and the limiting current is
proportional to the rate of the rate-determining step, as given by
eq 7.

Figure 13. Comparison of how catalytic rate and changes in
catalytic rate are displayed in (A) conventional solution assays and
(B) voltammetric measurements.
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and theoVerall activity of the enzyme-modified electrode,
which depends additionally on the rate of electron transfer
to and from the redox partner, which in this case is the
electrode. First, it is essential to ensure that mass transport
of the substrate to the electrode is not rate determining (see
Figure 12), and this question can usually be answered by
using a rotating disk electrode. The inherent activity is related
directly to themaximumcatalytic current obtained in an
experiment at saturating substrate concentration, according
to eq 7.

wherekcat is the turnover frequency of the enzyme,i lim is
the maximum catalytic current attainable in an experiment
(i.e. when mass transport is not limiting),Γ is the coverage
of electroactive enzyme, and other terms have been defined
previously.

In order to determinekcat, it is necessary to determineΓ,
and this depends on the ability to detectnonturnoVer signals
by performing cyclic voltammetry experiments under condi-
tions where no catalysis is occurring. The early electro-
chemical studies of hydrogenases discussed in section 3.2.1
showed that these enzymes have high electroactivity and
bidirectional catalytic activity, but they provided no detailed
information beyond this.72,74,77It was difficult to know how
many enzyme molecules are actually involved in the
catalysis, and this emphasizes the need to distinguish between
gross coverage (which is usually based on how much enzyme
was applied to a surface) and electroactive coverage, which
is a measure of how many enzyme molecules are in good
electronic contact with the electrode.

In principle, any redox sites in hydrogenases that are
capable of reversible electron transfer should give rise to
reversible electrochemical signals (an oxidation peak and a
reduction peak) centered at the reduction potential of the site,
which do not alter upon electrode rotation. Observation of
these nonturnover signals allows the electroactive coverage
of a protein to be estimated (from the areas under oxidation
and reduction peaks), and this value (Γ ) can then be used
to determine the turnover frequency of the enzyme from the
catalytic current using eq 7. Nonturnover signals are observed
quite easily for small electron-transfer proteins, such as
ferredoxins, that give high electroactive coverages, but
enzymes are more difficult because their larger size limits
the electroactive coverage and signals from individual sites
may be lost among a broad envelope due to the other sites.
However, nonturnover signals have been determined for
several enzymes, including cytochromec peroxidase and two
fumarate reductases for which consistent values for the
turnover frequency have been obtained.96-98 Nonturnover
signals from hydrogenases have been difficult to detect, and
a rare example is the [NiFe]-hydrogenase fromA. Vinosum.75

By using a low temperature (0°C) to enhance adsorption,
and inhibiting catalytic electron flow with CO, reversible
signals appear at the potentials (expected from earlier
potentiometric studies) for the two [4Fe-4S] clusters (at
approximately-0.3 V) and at higher potential for the single
[3Fe-4S] cluster (Figure 14A). The data are refined by
substracting the baseline, using a program that fits a cubic
spline function to the baseline in regions sufficiently far from
the peak (Figure 14B). The limit of detection of such signals
is about 1-2 pmol cm-2. It is from this lower detection limit
that the extremely high activity of some hydrogenases is
estimated.

We should emphasize here that althoughΓ is required in
order to calculate “per enzyme” activities (kcat) using eq 7,
it is unnecessary for interpreting most aspects of the
electrocatalytic properties of enzymes on electrodes. The high
activity of hydrogenases means that most measurements of
electrocatalytic behavior can be carried out with electrodes

kcat ) i lim/nFAΓ (7)

Figure 14. Non-turnover signals for a film ofA. Vinosum[NiFe]-
MBH on a PGE electrode (0.03 cm2) under a N2 atmosphere: (A)
raw data; (B) baseline-subtracted data. Conditions: 0°C, CO-
saturated buffer, pH 7, scan rate) 0.1 V s-1. Recent data (ref 99)
based on experiments reported in ref 75.

Figure 15. Electrode rotation rate dependence of the H2 oxidation
current recorded for a film ofA. Vinosum [NiFe]-MBH on a
pyrolytic graphite “edge” (PGE) electrode at (A) 0.1 bar H2 and
(B) 1 bar H2. Other conditions: 45°C, pH 7. Reproduced and
adapted from ref 100, by permission of The Royal Society of
Chemistry.
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containing too few enzyme molecules to be detected through
nonturnover signals, i.e.<1-2 pmol cm-2.

5.1. Ensuring the Electrochemistry Is Not
Controlled by Transport of Substrate

The wave shape of a cyclic voltammogram recorded when
substrate is present is generally the first provider of informa-
tion on the electrocatalytic properties of the adsorbed
hydrogenase. Here we are interested to see if the electro-
catalytic wave shape provides information complementary
to and exceeding that obtained by conventional kinetics. As
outlined in section 4.2, it is important to be able to rotate
the electrode at high speed because hydrogenases are usually
highly active and the current and wave shape will otherwise
be controlled by mass transport of H2 to and from the
electrode. In the event of extremely high activity, the current
increases with electrode rotation rateω, and the reciprocal
plot according to the Koutecky-Levich equation (eq 6)

produces a good approximation for the current that would
be obtained if substrate mass transfer were not limiting
(effectively at “infinite” rotation rate).

This fact is demonstrated in experiments on a very active
film of A. Vinosum[NiFe]-MBH on a PGE electrode at 45
°C (Figure 15). Experiments in Figure 15A were conducted
under 0.1 bar H2 and show sigmoidal voltammograms, each
reaching a current plateau (i lim(ω)) that increases strongly as
the rotation rate is increased. Note that the potential at which
the plateau is reached also increases with rotation rate. The
latter feature becomes more marked under 1 bar H2 (Figure
15B). The current still increases with rotation rate, but
electron-transfer limitations now become apparent in the
wave shape. As discussed in section 4.2, mass-transport
control is undesirable when trying to elucidate details of
mechanisms, but it can be alleviated by abrading the
electrode with cotton woolafter forming the enzyme film
to lower the coverage. A sparse population of enzyme

Figure 16. Examples of the appearance of the linear waveform in enzyme catalytic voltammetry. Panel A: Cyclic voltammograms showing
catalytic H2 oxidation byA. Vinosum[NiFe]-MBH adsorbed at a PGE electrode at pH 7.0 under 1 bar H2, 1 V s-1, electrode rotation)
2500 rpm, over a range of temperatures 10-60 °C. Panel B: Cyclic voltammograms showing catalytic H2 oxidation under 1 bar H2, and
H+ reduction under 1 bar Ar forD. fructosoVorans[NiFe]-hydrogenase at a PGE electrode at pH 7.0, 10 mV s-1, electrode rotation) 1000
rpm, 40°C. Calculated waveforms according to eq 10 for variations inâd0 (which expresses the dispersion of electron-transfer rates) and
on the ratiokcat/k0 are shown in panels C and D, respectively. Panels A, C, and D are reprinted with permission from ref 101. Copyright
2002 American Chemical Society. Panel B is reprinted with permission from ref 102. Copyright 2006 American Chemical Society.
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molecules on an electrode behaves as a microelectrode
array.69 This may be particularly important when studying
hydrogenases at very low levels of H2, where mass transport
control is otherwise dominant.

5.2. Effects of Interfacial Electron Transfer on the
Electrocatalytic Wave Shape

Even when substrate mass transport is not a limiting factor,
the wave shape can be difficult to interpret, and some models
are required. In 2002, we published a paper that proposed
an explanation for the unusual wave shape often observed
for electrocatalysis by adsorbed enzymes, and particularly
for hydrogenases.101 It had been often observed that instead
of the catalytic current reaching a constant value at a
reasonably high overpotential, it continues to increase in a
linear manner, so the current displays a “residual slope”.
Some results obtained forA. Vinosum[NiFe]-MBH on a PGE
electrode are shown in Figure 16A, and similar effects are
seen for H2 oxidation and H+ reduction catalyzed by theD.
fructosoVorans [NiFe]-hydrogenase (Figure 16B).102

The experiments onA. Vinosum[NiFe]-MBH shown in
Figure 16A were carried out with an electrode that had been
abraded with cotton wool after forming the enzyme film.
This treatment lowers the coverage and alleviates mass-
transport control. As the temperature is raised from 10 to
60 °C, the catalytic activity increases dramatically, as
expected: more significantly though, the wave shape changes
from sigmoidal to one that resembles an Ohmic dependence,
almost throughout the entire potential range! Yet this is not
an Ohmic dependencesthe problem is not one of there being
a resistance to electron flow (one possibility, that ion transfer
is rate-limiting, is unlikely because variations in the ionic
composition of the electrolyte do not change the result). The
linear voltammogram was explained in terms of the presence
at the electrode of enzyme molecules having high catalytic
activity but adsorbedinhomogeneously, with interfacial
electron-transfer efficacy varying from facile to sluggish.

The explanation embodies the essence of the series resistor
model described earlier (Figure 11), in that the electrocata-
lytic current due to an adsorbed enzyme having an inherently
high catalytic turnover frequency will usually be limited by
either mass transport of substrate (equivalent to a resistance,
Ωtrans) or interfacial electron transfer (equivalent to a
resistance,ΩE), but the latter is now subject to a dispersion
of values and a spread of electron-transfer ratesk0 is obtained.
A summary of the model is now presented.

Provided mass transport is not limiting, the ideal wave
shape for electrocatalysis by an adsorbed enzyme can be
predicted starting from the simple model shown in Scheme
1, in which a two-electron catalytic reaction occurring at the
active site with a rate constantkcat is preceded by two one-
electron transfers, each with a rate that is governed by an
interfacial electrochemical electron exchange rate constant
k0 and potentialsEI/R andEO/I respectively. More realistically,
these interconversions are complicated by coupled chemical
reactions such as acid-base equilibria, but these can be
ignored here in the interest of simplicity.

As mentioned earlier, the Butler-Volmer relationship
predicts an exponential climb in rate constant with driving
force. Equation 8, derived for a catalytic oxidation reaction,
is based upon the Butler-Volmer relationship,

whereeO/I ) exp[f(E - EO/I)] and eI/R ) exp[f(E - EI/R)]
with f ) F/RT.101 The current in such a case should increase
exponentially with potential and reach a maximum valuei lim
that is related tokcat as given in eq 7.

Equation 9 depicts the exponential decrease of the
interfacial rate constantk0 with distanced, wherek0

max is
the value at closest contact (d is at its minimum valuedmin)
between the electrode and the relay site closest to the protein
surface (the entry/exit site for electrons in the enzyme).

The observation that a limit is not reached, at least within
the potential range of the experiment, is considered by
introducing the idea that the population of enzyme molecules
is not homogeneously coupled to the electrode. The revised
model assumes that intramolecular electron transfer along
the FeS clusters is very fast, and the rate of interfacial
electron transfer depends exponentially on the tunneling
distance between the electrode and the electron entry/exit
site.

The inhomogeneity is introduced by allowingd to have a
range of valuesdmin to dmax (dmax ) dmin + d0, whered0 is
the spread of distances), all of which occur with the same
probability. For an oxidation, the corrected catalytic current
(i*) in normalized form is then given by eq 10.

whereaox andb2
ox are given by

and

and

Scheme 1. Model for a Two-Electron Catalytic Oxidation
Reaction in Which the Active Site Interconverts between
Three Consecutive Oxidation Levels, O, I, and R, Each
Capable of Coupled Chemical Reactions Such as
Protonation. Reprinted and Adapted with Permission from
Ref 104. Copyright 2002 American Chemical Society
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Figure 16C and D show, respectively, how the waveform
depends on the functionâd0 (which expresses the dispersion
of electron-transfer rates) and on the ratiokcat/k0. The
dependences onâd0 are computed withkcat/k0 ) 10, and
dependences onkcat/k0 are computed withâd0 ) 10.

With some simplifying assumptions, includingEO/I ) EI/R,
the wave shape in the linear part of the voltammogram is
approximated by eq 11:

and the slope in this region is

Analogous equations can be derived for an electrocatalytic
reduction. The model thus predicts that a “classical” sig-
moidal waveform will be expected whenkcat/k0 is small (i.e.,
interfacial electron transfer is fast compared to turnover
frequency and there is no dispersion (âd0 ) 0)). The “Ohmic”
behavior results from electrocatalysis by enzyme molecules
that have low values fork0 relative to turnover frequency,
so that they contribute only when the driving force is raised
to compensate for this. The “residual” slope is a function
only of the dispersion (Figure 16C).

The residual slope is more significant than might be
expected. Although the limiting current value cannot be
measured directly, eq 12 predicts that it is proportional to
the slope multiplied by the temperature. The slope is thus a
measure of the inherent activity of the enzyme; indeed, a
graph of log ∂i/∂E × T against 1/T is equivalent to an
Arrhenius plot in which the slope is equal to-Ea/R (where
Ea is the activation energy). (Note that Figure 16C does not
convey this fact easily because the current is normalized with
respect to a constant value ofi lim.) Processing the data shown
in Figure 16A in this way gave an activation energy of
approximately 50 kJ mol-1 for electrocatalytic H2 oxidation
by A. Vinosum[NiFe]-MBH.101 It is important to note also
that the unconventional shape of the voltammogram (reflect-
ing a dispersion of the response of enzyme molecules in their
overall rates of catalytic H2 oxidation or production) does
not seriously limit the usefulness of the electrochemical
approach.

There are other variations in wave shape. One common
observation is that, instead of reaching a limiting plateau as
the potential is scanned, the catalytic current reaches a peak
and then decreases.76,92,103By rotating the electrode, it can
be shown that this peak is not due to substrate depletion.
This kind of behavior can arise in several situations relevant
to unraveling the complex interconversions of hydrogenases
(Figure 6). One situation is that the enzyme converts to an
inactive form as the potential is changed (see section 6).
Another scenario is that the enzyme has an optimal operating
potential, so that applying too large a driving force results
in lower activity. This can arise when the catalytic mecha-
nism involves a particular oxidation level of the active site
that must survive for a sufficient period of time to allow an
essential event to occur, such as substrate binding (note here
that this also means that the rate of electron flow along an
intramolecular relay can betoo fastand evolution could have
adjusted the potentials of the relay centers in order to
synchronize the rates of electron flow and active site

processes). Sometimes the potential sweep will reveal a
second increase in current (a boost) after the original activity
has appeared to reach a limiting value.97 Another situation
that may arise is that the population of adsorbed enzymes is
inhomogeneous with regard to inherent catalytic properties
such as characteristic reduction potentials of active sites.
Unlike inhomogeneity in interfacial electron-transfer rates,
an inherent inhomogeneity in the entire sample of enzyme
can be detected spectroscopically.

5.3. Catalytic Constants
Two criticisms can be directed toward catalytic cycles that

have been proposed for hydrogenases. The first of these is
that, understandably, the species presented are predominantly,
and often exclusively, those that live long enough to be
characterized. However, from kinetic studies, it is clear that
hydrogenases are extremely active enzymes, withkcat values
ranging from hundreds s-1 to upward of 10,000 s-1.75,100As
a consequence, true intermediates will be difficult to detect
because even the most stable species will have lifetimes
, 1 ms. The second criticism is that the mechanism for H2

evolution is usually written as the reverse of H2 oxidation.
The principle of microscopic reversibility will apply between
each pair of states on a cycle, butdifferentcycles could be
accessed for each direction of catalysis because in an
electrochemical experiment, as in a living cell, energy is
provided to drive the reactions. As an example, an electrode
can enforce a specific distribution of oxidation states so that
the enzyme follows a different reaction pathway according
to the potential applied.5b Consequently, instead of a single
cycle involving the detected active species shown in Figure
6, a more appropriate model for H2 evolution and H2
oxidation could involve separate catalytic cycles, each with
transient intermediate species that are likely to escape direct
spectroscopic detection. An important factor in enzyme
active-site structures, and hydrogenases in particular, is that
H-atoms are not located by X-rays and have only been
pinpointed when their nuclear spin has become involved with
an unpaired electron (see Review by W. Lubitz in this Issue).
Thus, H2 or H+/H- could be bound in certain states of the
enzyme without this being apparent from structural or
spectroscopic studies, but their participation can be inferred
from voltammetric experiments through the changes in
characteristic potentials with pH andF(H2).

The Michaelis-Menten equation as it applies to solution
assays is expressed in eq 13, in which [E]0 is the total enzyme
concentration and [S] is the substrate concentration. The
catalytic rate at saturating substrate concentration,Vmax )
[E]0kcat.

The basic catalytic constantsKM andkcat are not easy to
measure for hydrogenases either by conventional solution
assays or by electrochemistry. It is important to note that
rates may be controlled by substrate binding and a Briggs-
Haldane model may be more appropriate.94 Nonetheless, the
Michaelis-Menten equation has at least empirical value.
Values ofKM for hydrogenases tend to be low, and the very
high activities of the enzymes may mean that a true “initial
rate” (ν) prior to depletion of substrate is difficult to measure
in solution assays and a true limiting current (at “infinite”
rotation rate) is difficult to measure electrochemi-
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cally. Equally, as we have just discussed, determiningkcat

requires knowledge of the electroactive coverage of the
enzyme, which may be too low to detect. The activities of
hydrogenases can approach diffusion control, andKM values
may be much larger thanKS, the true dissociation constant
for the enzyme-substrate complex.94

Léger and co-workers have reported a novel method to
measure the Michaelis and inhibition constants of hydroge-
nases for H2 and other gaseous reactants. The electrochemical
cell is open to the glovebox atmosphere, and the solution is
sparged with a carrier gas (an inert gas such as N2 or Ar, or
H2 in certain cases) (Figure 7A). A small amount of reactive
gas is introduced, typically by injecting an aliquot of solution
of known concentration, and the gas is then flushed out in
the stream of carrier gas. The principle of the experiment is
that this efflux provides a continuous range of concentrations
of the reactive gas over which to measure the catalytic
current. The system was checked by monitoring the reduction
of O2 at a bare PGE electrode, from which it was confirmed,
by measurements of current as a function of time, that the
concentration of introduced gas (O2) decreases exponentially
with a reproducible time constant (τ), provided the rate of
gas flow and the electrode rotation rate are kept constant.

Figure 17 shows an experiment designed to measureKM

for the [NiFe]-hydrogenase fromD. fructosoVorans. The
enzyme is adsorbed on a PGE electrode which is placed in
the electrochemical cell containing buffer at pH 6.1 and
rotated at 2000 rpm.66 The electrode potential was set at
-160 mV, and then H2 was injected and the oxidation current
was monitored as the H2 was flushed from the solution with
a flow of Ar. The trace is sigmoidal because at early times
the level of H2 is well above the concentration required to
saturate the enzyme (.KM) and removal of H2 does not
initially attenuate the current. Only once the level has

dropped to approachKM does the current start to decrease,
finally leveling off as the H2 is removed completely. As it
is flushed out of solution, the H2 concentration passes through
levels that would be physiologically relevant.

The sigmoidal plot is analyzed according to eq 14, derived
from the Michaelis-Menten equation (eq 13), and its log
form (eq 14A). Here,i(t) is the current at timet, analogous
to ν for any given substrate concentration, andimax is the
current at saturating substrate concentration, analogous to
Vmax. The concentration of H2 at time t, CH2(t), is given by
CH2(0) exp(-t/τ), whereCH2(0) is the initial concentration
of H2 introduced into the cell solution, andτ is the time
constant for removal of H2 in the Ar flow. Whereas
determination ofKM from solution assays relies upon
measurement of initial rates (ν) before more than a few
percent of substrate has been transformed, this condition is
maintained in an electrochemical experiment by rotating the
electrode rapidly. In practice, this experiment will still be
difficult for hydrogenases having a lowKM, since it may
not be possible to rotate rapidly enough at low H2 concentra-
tions to avoid the limitation from H2 mass transport.

The value ofKM is determined from they-intercept of the
log transform. From several experiments (these could be
carried out consecutively on the same enzyme film), Le´ger
obtainedKM ) (6.5 ( 3) × 10-3 bar (approximately 5µM)
for D. fructosoVorans [NiFe]-hydrogenase. From conven-
tional methods,KM values for [NiFe]-hydrogenases lie in
the broad range 0.07-11 µM.

Reference to Figure 1 shows that theE(H+/H2) potential
shifts 90 mV more positive when the concentration of H2 is
lowered from 1 mM to 1µM. For an experiment at fixed
electrode potential or solution redox potential, this corre-
sponds to a lowering of the driving force for H2 oxidation
by 90 mV. This would be important in experiments carried
out at a low overpotential but not in cases where the driving
force is always enough to ensure that the current remains
on a plateau.

An alternative, but more laborious, method for determining
KM is to calculate i lim (from a Koutecky-Levich plot,
requiring current data at a number of different rotation rates)
over a range of constant H2 concentrations. Film loss from
the electrode during the extended time taken for the series
of rotation rate steps and gas exchanges may render this
approach impractical.

5.4. Dependence of Activity on pH
Conventional kinetic assay methods using a chemical

electron acceptor such as methyl viologen or methylene blue
show that H2 oxidation is faster at high pH, and it might be
assumed that this reflects an inherent property of the enzyme.
This notion in fact dates back from early days of hydrogenase
research. That this is not always the case and may indeed
be a deception is shown in an electrochemical study of how
the rates of H2 evolution and oxidation byA. Vinosum[NiFe]-

Figure 17. Catalytic, sigmoidal transient current for H2 oxidation
by D. fructosoVorans [NiFe]-hydrogenase following injection of
an aliquot of H2-saturated solution to give approximately 0.64 mM
in the electrochemical cell solution that is continually flushed with
Ar. Other conditions: pH 6.1,E ) -160 mV, 40°C, rotation rate
) 2000 rpm,τ ) 18 s. Dotted line: residual, enlarged×10, after
the data were fitted to eq 14 (dashed line). Inset: the log transform
of the transient, fitted to a straight line according to eq 14A.
Reprinted with permission from ref 66. Copyright 2004 American
Chemical Society.
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MBH depend on pH.104 Protein film voltammetry experi-
ments allow the potential (thermodynamic) dependence of
activity and the maximum activity (at the current plateau)
to be measured simultaneously. Another way of looking at
this is that a variation in catalytic rate due to an interesting
kinetic factor can be resolved from the effects of changing
the thermodynamic driving force. Figure 18A shows H2

oxidation voltammograms recorded in a simple experiment
for a hydrogenase-modified electrode that is transferred back
and forth between two solutions of different pH, with the
point to note being that the voltammetric wave shifts in
potential but the limiting current is the same in either case.
(Transferring the electrode back and forth between solutions
ensures that any film loss is compensated for in the
comparison.) A similar result was reported later for the
[NiFe]-hydrogenase fromD. fructosoVorans(Figure 18B).66

In both these cases, the voltammogram for H+ reduction
showed not only a shift in potential but also an increase in
limiting current reflecting the higher concentration of H+.

The useful potential ranges of methyl viologen and
methylene blue as oxidants105 are indicated in Figure 18A.
Their inclusion emphasizes the point that the lower H2

oxidation activity at lower pH observed for the [NiFe]-
hydrogenases reflects only the additional driving force that
is required. Thermodynamically, H2 is oxidized more easily
at high pH. However, the H2 oxidation activity of the [FeFe]-
hydrogenase fromD. desulfuricansclearly increases with
pH (Figure 18C).71 The unusual shape of the voltammograms
for the [FeFe]-hydrogenase at higher potentials is due to very
rapid and reversible inactivation of the enzyme as the
potential is raisedswe return to this in section 6.

The results of a detailed analysis of the pH dependence
of the catalytic activity of H2 oxidation and H+ reduction
by A. Vinosum[NiFe]-MBH are compiled in Figure 19.104

The plot shows rotation-rate-optimized currents (ω ) ∞) that
are normalized with respect to values ()1.0) at pH 6.6,E )
-560 mV (H+ reduction) and at pH 7.3,E ) 240 mV (H2

oxidation). The lack of dependence of oxidation activity on
pH has already been mentioned; data for H+ reduction
activity were analyzed in terms of a model involving three
protonated reduced states, two of which (with 2H+ and 3H+)
are able to undergo catalysis.

Scheme 2 shows how the oxidative and reductive catalytic
cycles suggested from these results could be aligned. In this
scheme, H2 evolution and H2 oxidation involve different
species and different catalytic cycles. They differ in that
oxidation of H2 always involves species in which there is
always at least one extra H present. Note that O:H2 is
equivalent to R:2H+.

Evolution of H2 by A. Vinosum[NiFe]-MBH is inhibited
by H2, and this is also evident from the rotation rate
dependence of the H+ reduction current (data not shown).104

The current increases as the rotation rate is increased due to
removal of H2 from the electrode surface.

Analysis of the data shows that the potentialsEO/I andEI/R

are not sensitive to the presence of H2, and this leads to the
proposal that all the species involved in H2 oxidation bind
an H2 molecule in all oxidation states.104 The two-cycle
scheme predicts that H+ reduction activity is suppressed
when H2 binds to the active site because the enzyme switches
to H2 oxidation, although this suggestion is not obviously
correlated with the simple proposal given in Figure 6A, in
which only three active statessNi-SI, Ni-C, and Ni-Rsare
included. A tentative assignment is that “I:H2” is likely to

Figure 18. Effect of pH on the activity of hydrogenases. Panel A:
voltammograms recorded at 200 mV s-1, 1 bar H2, and 5°C for a
film of A. Vinosum[NiFe]-MBH transferred between pH 9 (solid
line) and pH 4.6 (dashed line) buffer, each containing 0.1 M NaCl
and 20µg mL-1 polymyxin. Reprinted with permission from ref
104. Copyright 2002 American Chemical Society. Panel B: vol-
tammograms recorded at 20 mV s-1 and 40°C for a film of D.
fructosoVorans[NiFe]-hydrogenase transferred between pH 6 (solid
lines) and 4.1 (dashed lines) buffer flushed with either H2 or Ar as
indicated. Reprinted with permission from ref 66. Copyright 2004
American Chemical Society. Panel C: voltammograms forD.
desulfuricans[FeFe]-hydrogenase recorded at 10 mV s-1, under 1
bar H2, 10 °C. In each case, the enzyme is adsorbed on a PGE
electrode that is rotated at 2000-2500 rpm. Reprinted with
permission from ref 71. Copyright 2006 American Chemical
Society. For reference, panel A shows the useful ranges of oxidizing
potential achieved with methyl viologen (-446 to-326 mV) and
methylene blue (11-131 mV).105
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be at the oxidation level of Ni-C; however, there is strong
evidence (from EPR) that only Ni-C and Ni-R are in rapid
equilibrium with each other.36 The results suggest how
difficult it is to assign oxidation levels where species may
differ not only in protonation state but also in having an
elusive H2 bound or not bound.

5.5. Activity Comparison of Hydrogenases with Pt
Activation of H2 on precious metal (M) surfaces involves

homolytic cleavage of the H-H bond and formation of
neighboring M-H bonds.106 Platinum catalysts used in
proton exchange membrane (PEM) fuel cells usually operate
in a humidified gaseous environment rather than in solution,
at temperatures close to 100°C,107 whereas hydrogenases
function in an ambient aqueous medium and are therefore
limited by the solubility of H2 (ca. 1 mM).

An investigation to compare the oxidation activities of a
[NiFe]-hydrogenase and a Pt electrode under ambient condi-
tions was published in 2002.100 The experiment involved
forming a high-coverage film ofA. Vinosum[NiFe]-MBH
on a PGE electrode and comparing the limiting current with
that obtained for a Pt electrode prepared by treating either
the same PGE electrode or a gold electrode of the same size,
with H2PtCl6. The limiting currents were of the same
magnitude and diffusion-controlled up to 2500 rpm in all
cases. The main difference was that raising the H2 level
resulted in the hydrogenase electrode requiring a larger
overpotential than the Pt electrode in order to achieve the
limiting current. The interpretation of this is based on the
earlier discussion of the wave shape and its link with
dispersion of interfacial rate constants: the active site of the
hydrogenase is extremely active, but its maximum turnover
frequency is ultimately limited by interfacial electron transfer
(section 5.2). Attaining the highest current requires contribu-
tions from enzyme molecules that are not well coupled to
the electrode, and therefore, an increasingly higher driving
force is required to engage them. A similar result was
obtained in 2005 by Karyakin and co-workers, who compared

Figure 19. Relative pH dependences of the rates of H+ reduction
(solid symbols) and H2 oxidation (open symbols) byA. Vinosum
[NiFe]-MBH adsorbed on a PGE electrode. The H2 oxidation rate
is essentially independent of pH, and activity is fixed at 1.0 atE )
240 mV, pH) 7.3. The line through the H+ reduction data is a fit
to equations derived for the model shown in Scheme 2, in which
H2 is released from species R:2H+ or R:3H+, and activity is
normalized to the value obtained at pH 6.6,E ) -560 mV.
Reprinted with permission from ref 104. Copyright 2002 American
Chemical Society.

Scheme 2. Scheme of Reactions Involved inSeparateCycles
for H 2 Production and H2 Oxidation by a
[NiFe]-hydrogenase. Reprinted with Permission from Ref
104. Copyright 2002 American Chemical Society

Figure 20. Comparing the H2 oxidation electroactivity of Pt and
hydrogenase modified electrodes. Panel A: Quantifying the maxi-
mal current density for Pt/Vulcan (electrode rotation rate: 900 rpm)
vs a carbon filament electrode modified withDesulfomicrobium
baculatum[NiFeSe]-hydrogenase (stationary, but with H2 bubbling
to assist mass transport), showing the electrode potential (driving
force) required to attain maximum activity. Reproduced with
permission from ref 82. Copyright the Biochemical Society. Panel
B: Levich plot (see eq 5) comparing the limiting currents (i lim(ω))
achieved for 1 bar H2, 45°C, pH 7, at platinized graphite, platinized
gold, or a PGE electrode modified withA. Vinosum[NiFe]-MBH.
Reproduced from ref 100 by permission of The Royal Society of
Chemistry.
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the current density obtained for a carbon filament electrode
on which was adsorbedDesulfomicrobium baculatum
[NiFeSe]-hydrogenase (with H2 bubbling through the solu-
tion) with the current density reported for a rotating disc
Pt/vulcan electrode.82 These results are included in Figure
20.

A practical comparison based on activity per electrode area
is unreasonable, because the footprint of a hydrogenase
molecule on a surface is several orders of magnitude larger
than the area of a pair of Pt atoms, and in any case, the
currents are usually diffusion controlled. From a fundamental
viewpoint, it is therefore more informative to compare site-
for-site activities. The catalytic activities of transition metals
are often represented by Volcano Plots (Figure 21).108,109For
H2 oxidation at an electrode, the exchange current density
(the rate of flow of electrons back and forth at the reversible

potential) is plotted against the energy of the M-H bond.
The principle here is that the rate of oxidation of H2 depends
on the thermodynamic ease of formation of an M-H bond
that is not so strong as to become a stable product rather
than an intermediate. The apex is occupied by Pt and Re,
each with exchange current densities of about 10-3 A cm-2,
although a recent appraisal has suggested that this value could
be as high as about 1 A cm-2.109,110 A “lean”, efficient
(economically speaking) Pt electrode has a coverage of<0.1
mg cm-2,107 equivalent to 10-8 mol atom Pt per cm2, and
we thus arrive at a range of about 0.1-100 s-1 for the
turnover frequency of a Pt “active site”. The equivalent
quantity for the enzyme is not easy to estimate, but one
option is to consider the rate of H2/D+ exchange catalyzed
at the active site, as measured by mass spectrometry: values
> 100 s-1 are obtained.111 A second way of comparing is to
consider maximum currents for Pt and hydrogenase elec-
trodes typically achieved under comparable conditions. For
Pt, typical current densities are 1-10 A cm-2 at overpoten-
tials of around 0.4 V. By comparison, a PGE electrode
modified with A. Vinosum[NiFe]-MBH can produce about
3-4 mA cm-2 at 45 °C at an overpotential ranging from
0.4 to 0.6 V. For a hydrogenase coverage of 10-12 mol cm-2,
this means that the activity per active site lies in the same
range as that of the equivalent PtPt site, as included in Figure
21.

5.6. Catalytic Bias: H 2 Oxidation vs H +

Reduction

Protein film voltammetry provides quantitative information
on the inherent bias of a redox enzyme to function in a
particular direction because the electrode potential can be
varied continuously over the widest possible range either side
of the formal potential for the substrate. The cyclic volta-
mmograms shown in Figure 22 illustrate different aspects
of the catalytic bias of hydrogenases that can be deduced
from electrochemical experiments performed at 1 bar H2

under anaerobic conditions.76 The [FeFe]-hydrogenase from
D. desulfuricansis an active catalyst for both H2 production
and oxidation under a 1 bar H2 atmosphere, although as noted
earlier and as will be discussed in section 6, it inactivates
rapidly at high potential, producing a complex waveform.
The value of the potential of zero net current (averaged for
the forward and reverse scans) corresponds to the formal
reduction potential of the H+/H2 couple expected under these

Figure 21. Volcano plot of the exchange current density (shown
as logi0) obtained for H2/H+ interconversion at various transition
metals as a function of the metal-hydrogen atom (M-H) bond
strength (O). The exchange current density for Pt is likely to be an
underestimate, and this is indicated by the vertical arrow and the
uppermost point marked0. The activity of hydrogenase active sites
is represented by the broad gray area. Adapted with permission
from Electrochim. Acta, Vol. 39, O. A. Petrii, G. A. Tsirlina,
“Electrocatalytic Activity Prediction For Hydrogen Electrode Reac-
tion: Intuition, Art, Science” 1739-1747, Copyright 1994, with
permission from Elsevier.

Figure 22. Cyclic voltammograms for a PGE electrode modified with (A)D. desulfuricans(Dd) [FeFe]-hydrogenase, (B)A. Vinosum(AV)
[NiFe]-MBH, and (C)Ralstonia eutropha(Re) [NiFe]-MBH (black lines). Blank electrode scans are shown in gray. Scan rates are indicated
on each panel. Other conditions: pH 6.0, 30°C, electrode rotation 2500 rpm. Dashed lines indicate the potential of the H+/H2 couple under
these conditions. Reprinted with permission from ref 76. Copyright 2005 American Chemical Society.
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conditions (-360 mV at pH 6, 30°C, 1 bar H2, marked by
a dashed vertical line in Figure 22).

In contrast toD. desulfuricans[FeFe]-hydrogenase, the
results depicted for the [NiFe] enzymes show very low or
zero H+ reduction activity under H2. This is mainly due to
inhibition of this reaction by H2: significant H+ reduction
currents are observed under an inert N2 atmosphere for the
D. fructosoVorans[NiFe]-hydrogenase (Figure 18B) and the
A. Vinosum[NiFe]-MBH, and a small current is observed
for theRalstonia eutropha[NiFe]-MBH. Electrode rotation
is particularly important here in removing the product (H2)
from the solution close to the electrode in order to relieve
product inhibition. Studies of H+ reduction byA. Vinosum
[NiFe]-MBH under N2 showed clearly that the catalytic
current increases as the rotation rate is increased and, further,
that this effect was not altered by increasing the buffer
concentration (arguing against an interpretation that the
current increase is due to relief of H+ depletion).104 Léger et
al. have estimated the constant,KI, for H2 inhibition of H+

reduction by D. fructosoVorans [NiFe]-hydrogenase as
approximately 0.2 bar (i.e. approximately 0.2 mM) (at-660
mV, pH 6, 40°C).66 Note how high this is compared toKM

for H2 oxidation by the same enzyme: 6.5( 3 × 10-3 bar,
measured at-160 mV, pH 6, 40°C.66 Rapid rotation of the
electrode to maintain the substrate and product concentrations
at levels close to the bulk solution level is essential if
measured potentials are to have any thermodynamic rel-
evance.

The catalytic bias of some hydrogenases is also evident
in the onset potential for H2 oxidation under 1 bar H2. The
voltammogram forA. Vinosum[NiFe]-MBH reveals an onset
potential for electrocatalytic H2 oxidation close toE(H+/H2),
whereas, forR. eutropha[NiFe]-MBH, the onset of H2
oxidation is shifted about 80 mV more positive.76 This subtle
effect would not be clear at all from solution assays using
soluble redox mediators. Protein film voltammetry thus
provides a simple means to assess and quantify the bias and
potential profile for the activity of hydrogenases.

5.7. Rate-Determining Steps
As mentioned above, the high activity of hydrogenases

makes it very difficult to establish rate-determining steps in
catalysis of H2 oxidation or H+ reduction. There is good
evidence that conventional assays are probably limited by
the rate of reaction with the small-molecule redox partner.
For example, values of the turnover frequency for H2

oxidation by [NiFe]-hydrogenases are hundreds per second
when measured with methylene blue2 but several thousand
per second when estimated by PFV.75

5.7.1. H+/D2 Exchange Experiments
A first stage in pinpointing a rate-determining step is the

H/D isotope effect, which has been reported to be very small
for H2 oxidation or proton reduction but quite sizable for
the H+/D2 exchange reaction. Alterations of catalytic oxida-
tion current between exchanges of H2 and D2 in the cell
headspace were measured forA. Vinosum [NiFe]-MBH
adsorbed on a PGE electrode over a range of temperatures
(Figure 23).112

This method allowed investigation of the isotope effect
on the same sample of enzyme. While a small kinetic isotope
effect is evident at higher temperatures (H2/D2 ) 1.15 at 45
°C), as the temperature is lowered, the isotope effect becomes
more pronounced (H2/D2 ) 1.55 at 10 °C).112 This is

explained by a change in the rate-determining step as the
temperature is varied. At higher temperature, the catalytic
current is controlled by interfacial electron transfer (as
discussed in section 5.2 and shown in Figure 16), which is
not expected to show an isotope effect. As the temperature
is lowered, the H-H cleavage reaction (whichis expected
to show an isotope effect) becomes increasingly rate-limiting.
An analogous rate limitation (slow interfacial electron
transfer) might apply in conventional solution reactions when
a small electron acceptor is used. Therefore, H2 oxidation
does show an isotope effect, but this effect is obscured under
conditions in which intermolecular or interfacial electron
transfer is rate-limiting.

5.7.2. Intramolecular Electron-Transfer Limitations?

This section considers conditions under whichintramo-
lecular electron transfer could become rate-limiting. A
common feature of [NiFe]-hydrogenases is that the medial
[3Fe-4S] cluster has a much higher reduction potential than
the two [4Fe-4S] clusters,8,75,113which makes it behave as
an electron trap (Figure 24). In 1998, Rousset et al. described
experiments on theD. fructosoVorans [NiFe]-hydrogenase
in which the medial [3Fe-4S] cluster was mutated to a [4Fe-
4S] cluster.114

The mutation produced a medial cluster with a much more
negative reduction potential, allowing the authors to test the

Figure 23. Controlled potential experiment for a film ofA. Vinosum
[NiFe]-MBH on a PGE electrode. The gas atmosphere above the
cell solution is interchanged between H2 and D2 at a total pressure
of 1 bar. Panel A: At 10°C, a kinetic isotope effect of 1.55 is
observed. Panel B: at 45°C, a kinetic isotope effect of 1.15 is
observed. Other conditions: electrode potential is 242 mV, mixed
buffer solution at pH 6.0, and electrode rotation rate 2500 rpm.
Reproduced from ref 112 by permission of The Royal Society of
Chemistry.
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influence of cluster reduction potentials on the catalytic
activity. Using conventional kinetic assays, the activity of
this enzyme in either direction was little changed compared
to the wild type enzyme. The authors suggested that
intramolecular electron transfer must be so fast that the rate-
determining step is one of the reactions occurring at the active
site. However, as discussed above, two further observations
need to be considered. The first of these is that studies using
protein film voltammetry showed that the rate of electro-
catalytic H2 oxidation by a [NiFe]-hydrogenase (A. Vinosum)
is much higher than that measured using chemical electron
acceptors, suggesting that the rate-determining step in
conventional solution kinetics could actually be intermo-
lecular electron transfer to the acceptors.75 Second, further
electrochemical experiments on theA. Vinosum[NiFe]-MBH
suggested that interfacial electron transfer could be rate-
limiting for many of the enzyme molecules adsorbed on a
graphite electrode surface.101The situation can also be viewed
from the perspective of the voltammograms shown in Figure
15, section 5.2. When H2 mass transport is rate-limiting, as
it appears to be under 0.1 bar H2 and at rotation rates below
2500 rpm (Figure 15A), the current plateau is reached at a
potential of approximately-0.3 V, which is far below that
of the [3Fe-4S] cluster, at approximately-30 mV. The [3Fe-
4S] cluster thus maintains an adequate rate of electron flow
that allows diffusion-controlled oxidation of 0.1 bar H2 even
when the electrode potential driving the reaction is nearly
0.3 V more negative.

To help resolve this issue, Le´ger and co-workers carried
out experiments with mutant forms ofD. fructosoVorans
[NiFe]-hydrogenase in which the ligands to the distal [4Fe-
4S] cluster were altered to perturb the thermodynamics and
kinetics of electron-transfer reactions.102 This cluster is close
to the surface, and it is coordinated by three cysteine-S
ligands and a histidine-N (Figure 25).

Histidine is an unusual ligand for [4Fe-4S] clusters, so
the question also arises as to why it is required in this
enzyme. When the histidine (H184) was mutated to glycine
or cysteine, a [4Fe-4S] cluster still formed, as did the other
clusters and the active site which appears unchanged (as
shown by EPR).102 Also, the reduction potentials of the new
clusters were not greatly different from the wild-type enzyme.
The H+/D2 isotope exchange rate was not significantly altered
for either of the mutants, H184G or H184C, but these variants
had lost nearly all of their ability (3 and 1.7% remaining,
respectively) to catalyze H2 oxidation when methyl viologen
or methylene blue was used as the electron acceptor. When
the H2 oxidation experiment with H184G was carried out in
the presence of imidazole or 1-methyl imidazole, the activity

recovered to about 25% of its normal value. This recovery
was attributed to imidazole being able to bind in the cavity
created by the histidine-glycine mutation, forming a coor-
dinate bond to the cluster and thus mimicking the actual
presence of histidine.

Léger and co-workers used PFV to investigate the effects
of the distal cluster alterations on intra- and interfacial
electron transfer.102 As shown in Figure 26, the enzyme’s
activity was severely affected by both H184G and H184C
mutations, and this is significant because it provides a very
convincing demonstration that the distal cluster is the electron
entry/exit point. The H184G mutant showed very little
electrocatalytic activity at all, either for H2 oxidation or for
H+ reduction under Ar (dashed lines, Figure 26A), but
addition of imidazole to the cell solution resulted in the
immediate appearance of activities in both directions (solid
lines) which increased as imidazole was titrated in, in
accordance with the results obtained in conventional assays.
The H184C mutation showed severely retarded interfacial
electron transfer in both directions, as can be seen from the
appearance of the voltammograms (Figure 26B) for oxidation
of H2 and for H+ reduction. Thus, at pH 6, the onset of
catalytic oxidation current occurs around 0 V instead of-0.3
V as observed for native enzyme, whereas H+ reduction
commences at-0.5 V instead of-0.3 V; thus, there is a
large window of potential in which the enzyme is inactive.
Figure 26C shows that the effect of imidazole in activating
H184G is reversed by adding a thiol, mercaptopropanol,
which mimics the cysteine ligation in H184C.

Further studies established an interesting difference in the
way that imidazole repairs the enzyme depending upon
whether H2 oxidation or H+ reduction is being addressed.102

The experiments are shown in Figure 27. First, as imidazole
is titrated into the electrochemical cell and voltammograms
are recorded for H+ reduction under Ar, the potential at which
catalysis commences becomes more positive (i.e. the required
overpotential becomes more positive) and the current mag-
nitude increases with no change in the residual slope. As
discussed in section 5.2, this is indicative of an increase in
the rate of interfacial electron transfer (k0) without any change

Figure 24. Energetics of electron flow along the Fe-S cluster
relay for a [NiFe]-hydrogenase on an electrode. The rate-determin-
ing uphill electron-transfer step during H2 oxidation (kcat

ox) detected
for the H184G mutation repaired by imidazole102 is indicated as
X.

Figure 25. Representation of the structural environment of the
Fe-S clusters in the electron relay system in [NiFe]-hydrogenases.
The data are taken from theD. gigas structure (PDB code:
1YQW).39 In the very similar hydrogenase fromD. fructosoVorans,
mutation of histidine 184 to cysteine or alanine inactivates the
enzyme. Addition of exogenous imidazole or 1-methyl imidazole
to H184G repairs the connection.102
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in kcat
red (the turnover frequency for H+ reduction). In

contrast, for H2 oxidation (Figure 27B), raising the imidazole
concentration causes the current to increase and there is a
gradual increase in the residual slope. This is indicative of
bothk0 andkcat

ox increasing as imidazole binds to the enzyme.
From the variation of residual slope with imidazole concen-
tration, 1:1 complexation was established for imidazole
binding, and the dissociation constant was estimated as 12
mM (40 °C, pH 7), i.e. binding is weak. Since the active
site and the other two Fe-S clusters are unaffected by the
mutation, the increase in turnover frequencykcat

ox must be
due to an increase in the rate of intramolecular electron
transfer from the medial [3Fe-4S] cluster to the distal [4Fe-
4S] cluster, which is an uphill process. During H+ reduction,
the direction of electron flow is reversed, but any increase
in the rate ofdownhillelectron transfer from the distal [4Fe-
4S] to the medial [3Fe-4S] cluster is unimportant, as this
was already sufficient to maintain the catalytic rate.

Given that the distal [4Fe-4S] cluster must be the electron
entry/exit site, thek0 results establish that the unusual

histidine ligation of the distal [4Fe-4S] cluster in [NiFe]-
hydrogenases confers the ability for fast interfacial electron
transfer in either direction. It follows that histidine is also
essential for intermolecular electron transfer in homogeneous
kinetic measurements and presumably also in physiological
function. This effect results from an inherent change in
kinetic capability rather than any change in reduction
potential. Histidine ligation might somehow lower the
reorganization energy as well as provide greater electron
coupling (delocalization of the [4Fe-4S] wave function) to
the protein surface (the imidazole ring is surface exposed,
Figure 25). In assessing these factors, it is significant that
kcat

ox but notkcat
red is dependent on imidazole coordination,

because a lowering of the reorganization energy would be
particularly beneficial for an uphill reaction rather than a
downhill reaction.

5.8. Outlook

Although the experiments described in this section have
only been performed on a small number of hydrogenases,
they outline a direct electrochemical approach that could
easily be employed to screen and to compare the activity
characteristics of a very wide range of hydrogenases. As
different behaviors are categorized, a library of recognizable
voltammetric responses is established, making it possible to
assess, for example, catalytic bias toward H2 production vs
oxidation, suitability for fast interfacial electron transfer at
an electrode, or affinity for H2 at trace levels. In subsequent
sections we discuss how PFV can be used to diagnose and
interpret inactivation/activation reactions of hydrogenases and
their reactions with small molecule inhibitors. Finally, we
consider how all of this information can be used for rational
selection of enzymes for novel fuel cell applications,
including a device operating on low level H2 in air.

Figure 26. Voltammograms forD. fructosoVorans[NiFe]-hydro-
genase variants adsorbed at a PGE electrode, under an atmosphere
of H2 (black lines) or Ar (blue lines). Panel A: H184G mutant at
pH 7, before (dashed lines) and after the addition of 20 mM
imidazole. Panel B: H184C enzyme, at pH 6. Panel C: H184G
mutant, at pH 6, in the presence of 10 mM imidazole, before (dashed
line) and after the addition of 2 mM mercaptopropanol (MPrOH).
Scan rate) 10 mV s-1, electrode rotation) 1000 rpm (Panel A)
or scan rate) 20 mV s-1, electrode rotation) 2000 rpm (Panels
B and C). The temperature is 40°C in all cases. Reprinted with
permission from ref 102. Copyright 2006 American Chemical
Society.

Figure 27. Effect of exogenous imidazole (Im) on the activity of
D. fructosoVoransH184G [NiFe]-hydrogenase adsorbed at a PGE
electrode. Panel A: H+-reduction under 1 bar Ar. Panel B: H2-
oxidation under 1 bar H2. Conditions: pH 7, 40°C, scan rate) 10
mV s-1, electrode rotation) 2000 rpm. Reprinted with permission
from ref 102. Copyright 2006 American Chemical Society.
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6. Reversible Inactivation of Hydrogenases under
Anaerobic Conditions

6.1. Characteristic Potentials of Anaerobic
Active/Inactive Interconversions

Both [NiFe]- and [FeFe]-hydrogenases undergo reversible
oxidative inactivation under anaerobic conditions (see Figure
6). For the [NiFe]-enzymes, anaerobic oxidation generates
the “Ni-B” or “Ready” state, and for [FeFe]-hydrogenases,
it generates Hox

inact. For the [NiFe]-enzymes, the oxidized
inactive forms are assigned as Ni(III)-Fe(II) and the active
site incorporates an atom in a bridging position between the
Ni and the Fe. In Ni-B, this is a hydroxide or oxide, but
other atoms such as S can be incorporated under special
conditions (see section 7.3). Definitive structural assignments
for [FeFe]-hydrogenases have yet to be established. In the
[FeFe]-enzymes studied so far, the oxidized inactive state is
an even-spin system: since an active site in which CO
ligands are coordinated to Fe(III) is doubtful, it follows that
Hox

inact is more likely to be Fe(II)Fe(II) than Fe(III)(III). A
complicating factor in [FeFe]-hydrogenases is the [4Fe-4S]
cluster which shares a bridging cysteine with one of the
active site Fe atoms (Figure 4B) and is likely also to share
electrons. In conventional experiments, it has been proposed
that this Fe-S cluster remains in the oxidized level (2+),
but it is possible that an electron is delocalized onto it or
that it accepts an electron in a transitory manner.

The anaerobic oxidative inactivation and reductive reac-
tivation reactions, summarized in Figure 6, can be investi-
gated by PFV to determine the order of the steps involved
and other details of the mechanisms.76 Figure 28 shows
oxidative inactivation as it is observed in cyclic voltammo-
grams ofAllochromatiumVinosum[NiFe]-MBH oxidizing
H2 and recorded at a slow scan rate.92 In this experiment the
electrode is rotated at 2500 rpm, so the decrease in current
as the potential is scanned to positive values is due to
inactivation of the enzyme rather than depletion of substrate.
On the return scan, the electrocatalytic current recovers as
the enzyme reactivates at lower potentials. The potential at
which activity returns is highly sensitive to the conditions
of the experiment, and a characteristic quantity,Eswitch, is
defined as the potential of maximum slope in the reductive
activation direction, determined from a derivative plot, as
shown in Figure 28B. From experiments onA. Vinosum
[NiFe]-MBH it was concluded thatEswitch is a robust
parameter to which can be attached thermodynamic signifi-
cance at high pH and at least an empirical significance at
lower pH values.

Many of the characteristics of the active-inactive inter-
conversion forA. Vinosum[NiFe]-MBH are seen at a glance
in Figure 29. The shapes of the voltammograms show that
the rate and extent of inactivation depend on pH, temperature,
and partial pressure of H2. In general, the inactivation that
is observed during the sweep toward positive potentials is
much slower than the reactivation that is observed on the
return sweep. ForA. Vinosum[NiFe]-MBH, this hysteresis
is particularly evident at low pH and low temperature.

The values forEswitch marked in Figure 29A and B move
to higher potential with decreasing pH or increasing tem-
perature, and we return to this below. Panel C shows that
decreasing the H2 pressure 100-fold, from 1 to 0.01 bar at
25 °C, increases the rate of inactivation but hardly alters
Eswitch or the sharp nature of the reactivation peak. Dihydro-
gen thus impedes anaerobic inactivation, but it appears not

to be involved in a rate-determining or potential-dependent
step during reactivation. Studies at much lower H2 pressures,
comparable to physiological conditions, are highly desirable.

It has been reported thatDesulfoVibrio gigas [NiFe]-
hydrogenase is not inactivated in the presence of H2,115 but
this is clearly not the case forA. Vinosum[NiFe]-MBH when
studied by PFV. In fact, extensive studies show that anaerobic
oxidative inactivation is a common feature of both the
[NiFe]- and [FeFe]-hydrogenases, and further examples are
shown in Figure 30. Conditions facilitating fast inactivation
have been chosen in order to demonstrate the effect more
clearly, but in all hydrogenases studied so far, reactivation
is faster than inactivation. Values ofEswitch for Ralstonia
eutropha [NiFe]-MBH and DesulfoVibrio desulfuricans
[FeFe]-hydrogenase are 115 and 75 mV, respectively,
compared with-95 and-110 mV for A. VinosumandD.
gigas[NiFe]-hydrogenases (data not shown) under identical
conditions: pH 6.0, 30°C, and 1 bar H2. Although theR.
eutrophaandD. desulfuricansenzymes inactivate faster, the
high Eswitch potentials confer a greater potential window for
activity, bounded at low potential by the onset of H2

oxidation (see section 5.6 and Figure 30C). Generalizations
are still difficult: for theD. desulfuricans[FeFe]-hydroge-
nase, oxidative inactivation is faster at lower pH,71 for A.
Vinosum[NiFe]-MBH, it is faster at high pH,92 whereas, for
theD. gigas[NiFe]-hydrogenase, there is little effect of pH

Figure 28. (A) Anaerobic inactivation and reactivation observed
in a slow cyclic voltammogram (0.3 mV s-1) for a PGE electrode
modified withA. Vinosum[NiFe]-MBH at pH 9, 50°C, and 1 bar
H2. The electrode was rotated at 2500 rpm, so the decrease in current
as the potential is scanned toward more positive values is due to
reversible inactivation rather than substrate depletion. (B) Derivative
plot (di/dE vs E) for the reactivation sweep (toward more negative
potentials) of the voltammogram shown in A, showing howEswitch
is determined. Reprinted and adapted with permission from ref 92.
Copyright 2003 American Chemical Society.
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on the rate.12 Anaerobic interconversions appear to be
reversible, although experiments are often plagued by film
loss during the slow scans required to observe significant
inactivation.

Figure 31 shows plots ofEswitch against pH forA. Vinosum
[NiFe]-MBH andD. desulfuricans[FeFe]-hydrogenase, along
with the corresponding “Pourbaix diagrams” that represent
the potential and pH domains in an analogous manner to a
phase diagram. The pH dependences are classical and show
strongly coupled proton-electron transfer (1H+/e-); thus, it
is most likely that the proton binds close to the electron.

In the Pourbaix diagrams, upper zones represent the
conditions under which the enzyme is inactive, and vertical
lines separate species differing in protonation state. The
active states are not distinguished from one another, and all
that is known for certain in each case is that the enzyme is

actiVe, so any of the active states depicted in the green boxes
in Figure 6A (or more) are likely to be represented. The
[NiFe]-MBH from A. Vinosumshows a pK (7.6) in an active
form: below pH 7.6 the activation process involves uptake
of one proton per electron whereas above pH 7.6 there is no
net transfer of protons. Taking into consideration the
spectroscopic and X-ray data, this is consistent (see Figure
6A) with Ni-B binding a single OH- ligand: reduction causes
this ligand to be released in a rapid reaction that includes
protonation at pH< 7.6.

The temperature dependence ofEswitch gives the entropy
of reaction∆S, and∆H can be calculated from∆G ) ∆H
- T∆S. The∆Sand∆H values are given in the footnote of
Table 1, which compares various data pertaining to the
transition between inactive and active states for different
hydrogenases obtained by protein film voltammetry and
values measured by spectroscopically monitored potentio-
metric titrations, although coincident data are limited. The
large, positive entropies and enthalpies for the activation
process are as expected if reductive activation involves
removal of a tightly bound ligand.

Studies of the [FeFe]-hydrogenase fromD. desulfuricans
show (Figure 31) that the anaerobically oxidized enzyme
exists in two pH-interconvertible inactive states (pK 5.9) and
there is also evidence for a deprotonation in an active state
(pKred ) 8.9).71 There is a further complication in that the
voltammogram (Figure 30) has an unusual shape in the H2

oxidation region that could signal the presence of sample
inhomogeneity,76 but this remains to be clarified by spec-
troscopy. The Pourbaix diagram in Figure 31 shows that,
below pH 5.9 and above pH 8.9, the activation process

Figure 29. Cyclic voltammograms for a film ofA. Vinosum[NiFe]-
MBH on a PGE electrode recorded at 0.3 mV s-1 to investigate
anaerobic inactivation and reactivation. Arrows indicate the direc-
tion of the potential cycle. Voltammograms in A were all recorded
at 45 °C and 1 bar H2 and show the effect of varying pH as
indicated. Voltammograms in B were all recorded at pH 8.8 and 1
bar H2 and show how varying the temperature alters the waveform.
The voltammogram recorded at 48°C was for a film of much lower
coverage, hence the low catalytic current. The vertical bar on each
curve indicates the position ofEswitch (see text). Both voltammo-
grams in C were recorded at 25°C and pH 8.8, and they show the
effect of varyingF(H2). In all cases, the electrode was rotated at
2500 rpm and potentials are quoted vs SHE. Reprinted and adapted
with permission from ref 92. Copyright 2003 American Chemical
Society.

Figure 30. (A and B) Cyclic voltammograms showing anaerobic
inactivation ofR. eutropha[NiFe]-MBH (an O2-tolerant hydroge-
nase; see later) andD. desulfuricans[FeFe]-hydrogenase under the
conditions indicated. In each case, the enzyme is adsorbed directly
on a PGE electrode that is rotated at 2500 rpm. The direction of
scan is indicated by an arrowhead in each case, andEswitch is marked
by a vertical line. Panel C shows the potential window for H2-
oxidation activity for four different hydrogenases, defined at low
potential by the onset of H2 oxidation and at high potential byEswitch.
Reprinted and adapted with permission from ref 76. Copyright 2005
American Chemical Society.
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involves no net transfer of protons whereas, between pH 5.8
and 8.9, activation involves net transfer of one proton per
electron.71 The pK of 5.9 suggests that samples of oxidized
inactiveD. desulfuricans[FeFe]-hydrogenase prepared at pH
values close to 6 should display heterogeneity. It is interesting
to note that the structure ofClostridium pasteurianum[FeFe]-
hydrogenase I, obtained at pH 5.1 by Peters and co-
workers121 and thought to be in the anaerobically oxidized
state, Hox

inact,122 should be predominantly in the acid form
(assuming theD. desulfuricans[FeFe]-hydrogenase data are

applicable to this enzyme). There are two obvious options
for the protonation site: (1) the central atom X of the
bridging ligand or (2) at a coordinated OH-/H2O (as
suggested by theC. pasteurianumhydrogenase I crystal
structure121). It may be that the anaerobic oxidized states
should be regarded as “resting states” that are protected
against the more aggressive actions of O2 (see below).
Albracht and co-workers have recently argued, on the basis
of IR-monitored potentiometric titrations withD. desulfuri-
cans[FeFe]-hydrogenase, that the conversion of Hox

inact into

Figure 31. The pH dependence ofEswitch associated with anaerobic inactivation for two hydrogenases. In each case, the panel marked (i)
showsEswitch data obtained from slow cyclic voltammetry experiments for the enzyme-modified PGE electrode in solutions of different pH
plus a fit to the experimental data based on transfer of 1H+/1e-, while (ii) represents the corresponding Pourbaix diagram showing species
and reactions that are consistent with these results. Panel A: Data forA. Vinosum [NiFe]-MBH on a PGE electrode obtained from
voltammograms recorded at 0.3 mV s-1 at 45 °C. The pH dependence of the H+/H2 couple at 1 bar H2 is also shown. Reprinted with
permission from ref 92. Copyright 2003 American Chemical Society. Panel B: Data forD. desulfuricans[FeFe]-hydogenase on a PGE
electrode obtained from voltammograms recorded at 10 mV s-1 at 10°C. Reprinted with permission from ref 71. Copyright 2006 American
Chemical Society. Other conditions: 1 bar H2, electrode rotation rate) 2500 rpm.

Table 1. Reduction Potentials for Activation of Anaerobically Oxidized Hydrogenases Obtained from PFV Experiments, and
Corresponding Reduction Potentials for the Active Site as Measured by Spectroscopic Techniques

enzyme Eswitch (PFV)

rate of
anaerobic

inactivation
(PFV, IR)

rate of activation
after anaerobic

inactivation
(PFV, IR) E (EPR) E (IR)

D. gigas[NiFe]- -110 mV slow12,76 fast12,76 -140 mV (pH 8.0)116 -150 mV (pH 8.0)117

hydrogenase (pH 6.0, 30°C)76 -210 mV (pH 8.3)115

A. Vinosum[NiFe]- -95 mV (pH 6.0, 30°C)76 slow76,92 fast76,92 -115 mV (pH 8.0)118a

MBHa -162 mV (pH> 7.6)92

R. eutropha
[NiFe]-MBH

+115 mV (pH 6.0, 30°C)76 fast76 fast76

D. desulfuricans
[FeFe]-

69 mV (pH< 5.9, 10°C);
-50 mV (pH 8.0, 10°C)71

fast76 fast76 -270 mV (pH 7.0)119 -75 mV (pH 7.0);
-92 mV (pH 8.0)120

hydrogenase 75 mV (pH 6.0, 30°C)76

a The ∆S, ∆H (PFV) values forA. Vinosum[NiFe]-MBH are as follows: 193( 39 J K-1 mol-1, 78 ( 11 kJ mol-1 (pH 8.8); 261( 53 J K-1

mol-1, 95 ( 15 kJ mol-1 (pH 7.5); 290( 48 J K-1 mol-1, 96 ( 15 kJ mol-1 (pH 6.0) 92
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Hox (see Figure 6B) requires three electrons:120 they propose
that a one-electron transfer (at-75 mV, pH 7.0; see Table
1) produces an intermediate Htrans that is converted to Hox

by a further two-electron transfer at much lower potential.
The second reaction is not evident in the PFV experiments,71

possibly due to the presence of H2, which could immediately
provide the two electrons that are required, so that Htrans is
not detected.

6.2. Kinetics of Anaerobic Active/Inactive
Interconversions

The kinetics of the inactivation and reactivation processes
have been studied using potential-step experiments (chro-
noamperometry). As outlined earlier (see Figure 13), the
current-time trace from a potential-step experiment provides
a direct measurement of the reaction kinetics. A set of
experiments carried out onA. Vinosum[NiFe]-MBH at pH
8.8 is shown in Figure 32.92 The high-temperature (45°C)
is employed to increase the rate of the reactions, particularly
oxidative inactivation. Experiments at this temperature are
possible because directly adsorbed films ofA. Vinosum

[NiFe]-MBH with polymyxin coadsorbate are fairly stable,
but PFV experiments above ambient temperature are not
successful for some hydrogenases due to film instability.

In the experiments shown in Figure 32A, the electrode
potential is stepped from a value at which the enzyme is
fully active to a more positive value at which the enzyme
inactivates.92 Likewise, in Figure 32B, reductive activation
is studied by stepping the electrode potential from a value
at which the enzyme is inactive (Ni-B in Figure 6A) to a
value that induces reactivation (a potential more negative
thanEswitch). The kinetics in each direction are obtained from
the respective current-time traces, and because the catalytic
activity of hydrogenases is usually very high, the traces have
a very good signal-to-noise ratio. The results show that
oxidative inactivation is slow, with rates that increase as the
pH is increased but do not vary with potential. The
inactivation is complex (the first-order plots show curvature)
whereas reductive reactivation is fast and shows clean first-
order kinetics, allowing a marked potential dependence on
rates to be observed (although the faster reactions are lost
in the electrode charging “dead time”; see section 4.1). In

Figure 32. Potential-step kinetic experiments to measure rates of (A) inactivation and (B) reactivation ofA. Vinosum[NiFe]-MBH on a
PGE electrode under 1 bar H2. Panel A(i) shows the potential steps used to repeatedly inactivate and then reactivate the enzyme, using
different oxidizing potentials in each case. The temperature is 45°C, and the pH is 8.8. Panel A(ii) shows the resulting kinetic tracessthe
decreases in H2 oxidation activity are triggered by each potential step. This trace is shown from time) 60 s after the commencement of
the experiment. Panel A(iii) shows semilog plots of the oxidative inactivation traces and reveals how the kinetics are slow, complex, and
independent of potential over a range of about 0.3 V. Panel B(i) shows the kinetics of reactivation following steps to the potentials indicated
in the voltammogram shown in the inset. The temperature is 45°C, and the pH is 8.8. Panel B(ii) shows the corresponding semilogarithmic
plots, which reveal simple, first-order kinetics that vary greatly with potential (the fast phase in the first 10 s is due to electrode charging).
Reprinted with permission from ref 92. Copyright 2003 American Chemical Society.
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electrochemical terms, anaerobic oxidative inactivation is a
“CE” process; that is, it requires a slow chemical step prior
to electron loss, which traps the product as Ni(III), whereas
reactivation is a faster EC process, in which removal of an
electron is followed by a rapid chemical step, which is
probably loss of the blocking oxygen ligand (Scheme 3).

TheD. desulfuricans[FeFe]-hydrogenase has been studied
briefly in the same way, and the main similarity withA.
Vinosum[NiFe]-MBH is that inactivation (which takes from
tens of seconds to minutes, depending on pH and tempera-
ture) is also much slower than activation (which is complete
within seconds and merged with the charging time of the
graphite electrode).71,76But in contrast toA. Vinosum[NiFe]-
MBH, inactivation is faster at lower pH (<pH 6). It may
indeed be the case that anaerobic interconversions between
active and inactive states of hydrogenases are faster when
the reaction does not involve net transfer of a proton (or
OH-).

7. Reactions of Hydrogenases with Small Neutral
Molecules

7.1. O2sInhibitor and/or Substrate?

7.1.1. O2-Sensitive [NiFe]-hydrogenases

As shown in Figure 6A, [NiFe]-hydrogenases react with
O2 to give at least two distinct inactive species, known as
Ni-A (Unready) and Ni-B (Ready).123 Most of the informa-
tion on these reactions stems from spectroscopic (IR and
EPR), X-ray structural, and electrochemical studies of the
[NiFe]-MBH from A. Vinosum and the similar, soluble
periplasmic [NiFe]-hydrogenases fromDesulfoVibrio.2

Protein film voltammetry experiments to investigate the
reactions of hydrogenases with O2 involve injection of an
aliquot of O2-saturated buffer into the cell solution, while
the potential of the electrode, modified with a film of the
hydrogenase, is scanned or kept at a constant potential.
Usually, O2 is added during electrocatalysis of H2 oxidation,
so that the effect is observed immediately as a decrease in
catalytic current. An experiment carried out withA. Vinosum
[NiFe]-MBH is shown in Figure 33. To avoid its direct
reduction at the electrode, the aliquot of O2 is added when
the electrode potential is just above 0 V (Figure 33A): this
action results in immediate loss of activity, following which
the cell is flushed with H2 to remove the O2 while the
potential cycle is continued. Even when the O2 has been
removed completely, there is no recovery of activity as long
as the electrode potential remains above about 0 V, but below
0 V, the current increases as activity is restored. A very slow
scan toward more negative potentials after introduction of
O2 at+242 mV (Figure 33B) indicates-70 mV as theEswitch

potential associated with reductive activation, a value that
is very close toEswitch determined for reactivation after
anaerobic oxidative inactivation.

To elucidate further details of this reaction, experiments
have been carried out in which O2 additions are made at
fixed potentials and reactions are induced by potential steps.
In the experiment shown in Figure 34A, an aliquot of O2-
saturated buffer is injected to inactivateA. Vinosum[NiFe]-
MBH that is oxidizing H2 at 1 bar and a high potential (242
mV). After flushing out O2, reductive activation is monitored
following a potential step (to-108 mV), and this reaction

Scheme 3. Reaction Sequence for Anaerobic Oxidative
Inactivation and Reductive Reactivation ofA. Winosum
[NiFe]-MBH

Figure 33. Effect of O2 on A. Vinosum[NiFe]-MBH adsorbed on a rotating PGE electrode. (A) Cyclic voltammogram recorded at 1 mV
s-1, showing that an injection of O2-saturated buffer at ca.+50 mV on the forward scan (injection indicated by a dotted arrow) causes
complete and rapid loss of activity. (B) The “switch” potential associated with reductive reactivation on the return scan (after O2 has been
flushed out of the solution) is determined from a very slow scan (0.1 mV s-1) and is indicated by a vertical line. Other conditions: 1 bar
H2, pH 6, 30 °C, electrode rotation rate) 2500 rpm. Reprinted and adapted with permission from ref 76. Copyright 2005 American
Chemical Society.
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proceeds in two phases. The first phase is over in a few
seconds, but the second phase shows clean first-order kinetics
with a half-life of about 5 min (280 s at 45°C). The clear
distinction in rates suggests that these phases correlate with
activation of Ready (Ni-B) and Unready (Ni-A) states,
respectively, as depicted in Figure 6A.8,123 Although both
states result in diminished catalytic current and therefore
similarly appear as “inactive” in electrochemical measure-
ments, they can be distinguished on the basis of their
reactivation kinetics. Film loss from the electrode gives rise
to a gradual loss of current during such long experiments,
but this is taken into account when the final current level is
compared to that attained when the same potential step

sequence is carried out under anaerobic conditions (dashed
line at 3200-3500 s in Figure 34A). It is thus evident that
a fraction of the enzyme activity (indicated by an asterisk)
fails to recover from exposure to O2. We refer to this fraction
of the enzyme as “dead” in Figure 6A, and it may reflect
permanent damage by O2 resulting from oxidation of Cys
sulfur atoms in the active site region.43,124 The reactivation
process can also be studied by monitoring H+ reduction at
low potentials. In Figure 34B, the enzyme is reactivated at
-558 mV under N2 after exposure to O2 at 242 mV. Two
phases are again clearly evident in the (negative) current
response as the activity toward H+ reduction recovers, and
there is also evidence of a third phase.

The experiments shown in Figure 35 were designed to
establish conditions that favor formation of either Ni-A or
Ni-B in A. Vinosum[NiFe]-MBH, and they illustrate, once
again, the importance of potential control. First (panel A),
the effect of pH was investigated, using two sequences
similar to those employed in Figure 34A, during which O2

is injected while the electrode potential is held at 242 mV.
The reactivation traces show that reaction with O2 at higher
pH (pH 8.8) results in a greater fraction of fast phase and
“dead” enzyme than reaction at pH 7.0. Measurements could
also be carried out to investigate the effect of injecting O2

under a N2 atmosphere, although, in this case, there is no
H2 oxidation current and the rapid inactivation by O2 is not
detected. The results shown in Figure 35B show that the
fraction of slow phase (Ni-A) relative to fast phase (Ni-B)
increases when O2 is injected under N2 instead of H2 and
when the electrode potential is increased.

The interpretation of these results is summarized in
Scheme 4. If a molecule of O2 enounters an active site that
is furnished with an abundant supply of electrons in the
presence of H2, it is quickly reduced by four electrons
(including one from the NiII) to give two molecules of water,
one of which may remain trapped as the OH- ligand that is
found in Ni-B. On the other hand, when few electrons are
available and H2 is absent, the O2 molecule is not fully
reduced and reactive oxygen species ([O]) such as peroxide
or a modified sulfur are trapped or retained in the active
site. In connection with this study, Fontecilla-Camps and co-
workers refined a structure ofD. gigashydrogenase in the
Ni-A state and concluded that the bridging group was not a
single atom, as observed for Ni-B, but had elongated electron
density indicative of a diatomic ligand, which might be a
peroxide.39 The presence of a hydroperoxide (HO2

-) in Ni-A
could explain the observation that the value ofEswitch

observed when the enzyme has been inactivated with O2 is
very close to that observed for anaerobically inactivated
samples that contain only Ni-B, with the argument being
that HO2

- and HO- should exert similar electrostatic
influences.

Léger and co-workers studied the electrochemical kinetics
of the reaction ofDesulfoVibrio fructosoVorans [NiFe]-
hydrogenase with O2.66 The rates of inactivation were
measured by recording the decrease in H2 oxidation current
following injection of O2 shortly after stepping the electrode
potential to a sufficiently high potential (190 mV) to avoid
direct reduction of O2 at the electrode. The experiments were
carried out at 40°C, over the pH range 5-7.8. An open cell
was used, and after injection, the O2 was flushed from the
solution by a stream of H2. The results were analyzed by
considering that the rate of loss of H2 oxidation activity
depends on two processes. One is the O2-independent

Figure 34. Current vs time traces for potential-step experiments
monitoring recovery of H2 oxidation or H+ reduction activities for
A. Vinosum[NiFe]-MBH on a PGE electrode after inactivation by
O2. Panel A: The film of hydrogenase is subjected to a sequence
of potential steps under 1 bar H2. The potential was initially held
at -558 mV for 300 s to fully activate the enzyme before a step to
-108 mV for 60 s to check the initial activity at this potential. A
step was then made to 242 mV (a potential at which O2 is not
reduced at the bare electrode), and 0.10 mL of O2-saturated buffer
was injected. The headspace was then flushed with H2 for 600 s to
remove O2 from the solution, and the potential was then stepped
back to-108 mV to initiate reductive activation. The dashed line
shows the level to which the current returned in a control experiment
involving the same potential step sequence carried out under
anaerobic conditions (to account for film loss). The small difference
(un-recovered activity, indicating “dead” enzyme) is indicated by
a solid arrow. Panel B: A similar experiment under 1 bar N2, in
which the film of hydrogenase is again exposed to O2 at high
potential (242 mV) but recovery of activity (after flushing out O2)
is now monitored at a low potential (-558 mV) at which the
hydrogenase is able to catalyze H+ reduction. In both cases, the
other experimental conditions were as follows: pH 6.0, 45°C,
electrode rotation rate) 2500 rpm. Reprinted with permission from
ref 123. Copyright 2004 American Chemical Society.
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anaerobic conversion of active enzyme to Ni-B (a first-order
process, rate constantkb, was assumed) and an O2-dependent
process having a rate constantkaCO2(t), whereCO2(t) is the
concentration at timet as O2 is flushed from the cell. This
experiment could be repeated many times, simply by stepping
the potential back to-560 mV to reactivate the enzyme
when the reaction is complete. About 50% of the activity
was lost each time, but much of this was regained when the
reductive poise was extended for longer times. This is
consistent with formation of both Ni-B and Ni-A, as just
discussed, in addition to some permanent loss of activity due

to film loss or formation of “dead” enzyme. The kinetics
were analyzed using eq 15,

where d(ln i)/dt is the rate of inactivation by O2, which
depends upon the concentration of O2 at timet, as it is flushed
out of the cell with time constantτ. Results are shown in
Figure 36, in which the top panels show the traces obtained
at 1 bar H2 and 0.1 bar H2, and the lower traces show the
respective logarithmic transforms with fits to eq 15. Note
that film loss has occurred between experiments and the
initial current magnitude is therefore different in each case,
but this does not affect the kinetics of reaction with O2.
Attack by O2 is partly competitive with H2 (lowering the
pressure from 1 to 0.1 bar only results in a 3-fold increase
in rate of reaction with O2). The rate constants obtained at
pH 7 and 40°C were 38 s-1 (bar O2)-1 at 1 bar H2 and 105
s-1 (bar O2)-1 at 0.1 bar. Thus, H2 affords only partial
protection against O2, suggesting perhaps that the two gas
molecules favor different oxidation levels of the active site.
Further experiments showed, however, that the kinetics of
O2 inactivation are independent of potential over a wide range
(40-500 mV at pH 7) and independent of pH (5-7.8).
Again, data at very low levels of H2, closer to physiological

Figure 35. Experiments withA. Vinosum[NiFe]-MBH on a PGE electrode, designed to examine the effect of pH, gas atmosphere, and
electrode potential on the products of reaction with O2. Panel A: the effect of pH. In each case the potential was initially held at-558 mV
to fully activate the enzyme for 600 s before being stepped to-233 mV for 60 s (this reports on the initial activity at this potential prior
to O2-exposure). The potential was then stepped to 242 mV, and 250µL of O2-saturated buffer was injected into the cell solution (indicated
by dotted arrow). 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. The horizontal dotted lines indicate the amount of film recovery achieved in control experiments
carried out without introducing O2, and the solid arrows indicate unrecovered activity (dead enzyme) following O2 inactivation. Panel B:
the effect of electrode potential and gas atmosphere. Plot i shows reactivation after addition of O2 under a variety of potential and gas
atmosphere conditions as indicated. In each case the reactivation is monitored at 1 bar H2, pH 6.0,-158 mV. Plot ii summarizes the results
for a number of these experiments, showing the percentage of “slow phase” observed in the reactivation following O2-exposure under
different conditions. Other experimental conditions: 45°C, electrode rotation rate 2500 rpm. Reprinted and adapted with permission from
ref 125. Copyright 2005 American Chemical Society.

Scheme 4. Summary of Limiting Cases for the Reactions of
Active [NiFe]-hydrogenase with O2. Reprinted and Adapted
with Permission from Ref 125. Copyright 2005 American
Chemical Society d(ln i)

dt
) -(kb + ka)CO2

(0) exp (t/τ) (15)
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levels, would be useful to show how the enzyme might cope
with O2 in nature.

The mechanism of reactivation of Unready [NiFe]-
hydrogenase (Ni-A) was investigated using a sequence of
potential step experiments and gas injections, Figure 37.125

First, a maximum amount of Ni-A was generated on the PGE
electrode by poising the electrode potential at high potential
under N2 and then injecting O2; the head gas was then
changed to H2, and after allowing all the O2 to be flushed
out, the enzyme was reactivated by a potential step. Experi-
ments were carried out using a range of reactivation
potentials, and the rate constant was measured in each case.
Figure 37A shows that stepping to lower potentials increases
the rate of reactivation until it reaches a maximum value
(there is no difference between rates measured at-209 and
-158 mV).

In each case, the rate constant was determined from a
semilogarithmic plot of log(imax - it) vs t. The results for
two pH values, 6.0 and 6.8, are summarized in Figure 37B.
The role of H2 in the reactivation process was investigated
in experiments in which the reactivation step potential was
applied to enzyme under N2 instead of H2 (not shown).125

The same period of incubation is employed in each case
before switching the head gas to H2 to measure the activity
recovered. Far less enzyme was activated in the N2 phase
than expected. Importantly, under N2, a potential stepback
to the initial potential even reversed the process of activation
(data not shown). It was proposed that three distinct steps
are involvedsa rapid redox pre-equilibrium in which an
electron is added; a slow, rate-determining (and reversible)
step that alters or repositions the [O]-species without
releasing it (thus implicating multiple forms); and a final

stage, requiring H2, that commits the entire sequence to
produce active enzyme. In the language of electrochemical
kinetics, this is an “ECrevCirrev” sequence.

These stages are written

for which the steady-state equation is

Figure 36. Decreases in the rates (catalytic currents) for H2
oxidation byD. fructosoVorans[NiFe]-hydrogenase after injection
of small aliquots of O2-saturated buffer (at time,t ) 0). Ap-
proximate initial concentrations of O2 in the cell solution after each
injection are indicated. Panel A: 1 bar H2, time constant for flushing
out O2 from the cell,τ ) 24 s. Panel C: 0.1 bar H2, τ ) 10 s.
Panels B and D show corresponding plots of d(lni)/dt at 1 bar H2
and 0.1 bar H2, respectively, against time and fits to eq 15 (•).
Reprinted and adapted with permission from ref 66. Copyright 2004
American Chemical Society.

Figure 37. (A) Activation of the Unready (Ni-A) state ofA.
Vinosum[NiFe]-MBH on a PGE electrode under 1 bar H2 initiated
by stepping the electrode potential down to different values. After
incubating under N2 and then injecting O2 at 242 mV, H2 was used
to flush out the remaining O2 for 600 s before the potential was
stepped to various reducing potentials (-8, -33, -58, -78, and
-158 mV), and the increase in activity was monitored. Other
experimental conditions include the following: pH 6.0, 45°C, and
electrode rotation rate) 2500 rpm. B: Dependence of the rate of
activation of Unready (Ni-A) enzyme on electrode potential and
pH, measured at 45°C. Data are derived from experiments shown
in part A and others carried out at pH 6.8. Apart from the datum
point indicated by an arrow (open square), all experiments were
carried out under 1 bar H2. Lines represent fits using eq 17A.
Reprinted with permission from ref 125. Copyright 2005 American
Chemical Society.
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where K1 ) k1/k-1. Because the first stage is a rapid
electrochemical equilibrium, the rate equation can be ex-
pressed to include the potential dependence.

The role of H2 in activating Ni-A is to render the
reductively activated transformationirreVersible, although
exactly how this occurs remains unresolved. Support for this
proposal was obtained in experiments in which reduction of
Ni-A was carried out under CO. In this case, all that was
required was to replace CO by H2 and the enzyme reactivated
as soon as the gas exchange occurred (data not shown). Thus,
like H2, CO also acts by rendering the reductive transforma-
tion irreversible, and this suggests that the final stage is a
displacement process. There is ample evidence that exog-
enous CO binds to the Ni atom,70 but in order to do this,
any ligand that remains close to the Ni would probably be
moved. In this way, we might envisage the final departure
of the [O]-species, perhaps as a peroxide. In terms of the
interconversions shown in Figure 6A, species R, the product
of the fast and reversible electron-transfer step should
correspond to species Ni-SU, but the subsequent slow step
does not produce Ni-SI because a step to high potential
regenerates Ni-A not Ni-B. Thus species P, which “remem-
bers” that it originated from Ni-A and presumably still carries
the inhibitory group (as mentioned earlier, this is likely to
be a peroxide), is not defined in Figure 6A but can only
proceed to active enzyme by adding H2 (or CO).

7.1.2. O2-Tolerant [NiFe]-hydrogenases?

In the hydrogenase literature, an enzyme that retains
catalytic activity (assayed underanaerobicconditions) after
a period of exposure to O2 is frequently deemed “O2-
tolerant”; see, for example, refs 67, 126, and 127 (see
“wireless H2”, section 8.2). Measurement of activity under
aerobic conditions is difficult, since conventional assays rely
upon reduced mediators either to supply electrons for H+

reduction or to activate hydrogenases prior to H2 oxidation,
and these reductants are readily oxidized by O2. Maness and
co-workers recognized the importance of characterizing
hydrogenase activityin air rather thanfollowing exposure
to air, and they measured an H/D exchange rate for partially
purified RubriViVax gelatinosushydrogenase in D2O under
mixtures of H2 and air.127 Protein film voltammetry provides
a simple and direct means of measuring H2 oxidation activity
underaerobicconditions and of precisely defining the bounds
of tolerance to O2.76,128Measurement of H+ reduction activity
in air is not so straightforward: O2 is reduced directly at
bare regions of a graphite electrode at the low potentials
required for H+ reduction, giving rise to a large negative
current that masks enzyme activity.

Figure 38A-C shows the effect of increasing O2 partial
pressure,F(O2), on the activity of three [NiFe]-hydrogena-
ses.128 These experiments were carried out at pH 5.6, 30°C,
and 142 mV, and no direct O2 reduction at bare regions of
the graphite working electrode is observed at this potential.
Just 5 mbar O2 is sufficient to completely remove the activity
of the A. Vinosumenzyme (Figure 38A). Karyakin and co-
workers reported that a carbon fiber electrode modified with

Thiocapsa roseopersicina[NiFe]-hydrogenase retains>90%
of the activity observed under 0.82 bar H2 in argon at the
same level of H2 in air.81 This result is surprising given the
sequence similarity of this enzyme toA. VinosumMBH (82%
identity for the large subunits based on ClustalW align-
ment).129,130 This result hints at how O2 tolerance may be
determined by extremely subtle structural factors.

The Ralstoniaenzymes studied in Figure 38B and C are
derived from Knallgas bacteria, facultative aerobes that are
specialized in exploiting traces of H2 that escape into O2-
rich soil or aquatic environments as discussed in section 1.
Films of these hydrogenases are less stable on the electrode
than those of the robustA. Vinosum [NiFe]-MBH, but
because film loss is reasonably consistent between experi-
ments for a given enzyme sample, it is still possible to obtain
valuable information on their reactivities with small mol-
ecules by performing control experiments solely under H2.
Introduction of 5 mbar O2 leads to only a small drop in
activity of Ralstoniaenzymes: at ambient levels of O2 (ca.
200 mbar),R. eutropha[NiFe]-MBH retains ca. 20% of the
activity measured under anaerobic conditions, and better still,
R. metalliduransCH34 [NiFe]-MBH retains at least 40%
activity. The differences in O2 tolerance between the highly
similar Ralstonia [NiFe]-MBH enzymes (large subunit
sequence identity 81% based on ClustalW alignment) must
reflect subtle electronic or structural changes. Further,R.
eutrophaMBH shows the same pattern of dominant active
site IR (CO) and (CN) bands as the [NiFe]-hydrogenases
from D. gigasandA. Vinosum, indicating that the active site
coordination is similar in all cases.128

When O2 is flushed out of the cell, the activity of the
Ralstonia hydrogenases recovers rapidly and completely
(taking into account some film loss that has occurred during
the course of the experiment in each case). There is no
evidence here for formation of a fraction of “dead” enzyme
upon exposure to O2 as occurs for theA. Vinosum[NiFe]-
MBH (section 7.1.1). In all of these experiments, the H2

content is high (close to 1 bar, orders of magnitude above
KM), and further experiments at physiologically relevant
levels of H2 and O2 are needed to determine the responses
of hydrogenases to air under the low levels of H2 that are
experiencedin ViVo. In the fuel cell experiments discussed
in section 8.2, we explore further what it means for a
hydrogenase to actuallyfunction in air at low levels of H2.

Figure 38D shows the potential dependence of reactiva-
tion of R. eutrophaMBH under 1 bar H2 following rapid
inactivation by O2 at high potential and subsequent re-
moval of O2 from the cell.128 The rate of recovery clearly
increases at more negative potentials, suggesting that O2

binds at a redox center in the protein, rather than simply
plugging a gas channel and blocking H2 access to the
active site. Having defined O2-tolerance in terms of the ability
to function in air, there remains the question of how this
tolerance is provided. It is first of all unlikely that attack
on FeS clusters would allow catalytic activity to be main-
tained for any length of time because O2 damage to FeS
clusters is not easily reversible.131-133 The other target for
attack is the active site, and we envisage two limiting cases:
(a) that O2 is prevented from reacting with the active site,
either because it cannot approach or because it cannot bind,
and (b) that it reacts at the active site to produce harmless
products that escape rapidly. The latter situation is equivalent
to formation of a state that reactivates on a time scale that is
comparable with fast turnover. This issue is raised again in

rate)

k2k3 exp{nF(E° - E)/RT}
k-2 + k3 + (k2k3/k-1) + exp{nF(E° - E)/RT}(k-2 + k3 + k2)

(17A)
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section 7.2.1, where we describe the interesting result
obtained when CO is introduced.

7.1.3. [FeFe]-hydrogenases: Inactive States Protect
against O2 Damage

The [FeFe]-hydrogenases fromMegasphaera elsdeniiand
Clostridium pasteurianumare purified under strictly anaero-
bic conditions and are very sensitive to O2.134 The enzymes
from DesulfoVibrio Vulgaris and D. desulfuricanscan be
purified aerobically in an inactive form known as Hox

inact

(Figure 6B).135,136 The inactive enzyme is activated by
reduction (analogous to Ni-A and Ni-B for the [NiFe]-
hydrogenases), and once activated, it is susceptible to
irreversible O2 damage. From early work on theD. Vulgaris
enzyme, it was thought that after reductive activation it was
not possible to regenerate the O2-stable oxidized state, but
van Dijk et al. used the high-potential oxidant 2,6-dichloro-
phenol-indophenol (DCIP,Em7 ) 217 mV8) to convert the
enzyme anaerobically back to Hox

inact.137 This observation
suggested that anaerobic inactivation protects the active site
against destruction by O2.

Figure 39 shows how PFV can be used to test the
protective effect of anaerobic inactivation. In the cyclic
voltammograms forD. desulfuricans[FeFe]-hydrogenase on
a PGE electrode shown in panel A, O2 is injected at different
electrode potentials in order to compare its effect on enzyme

that has been inactivated anaerobically as opposed to enzyme
that is almost fully active. As discussed in section 6.1 and
compared in Table 1 the “switch” potential for anaerobic
inactivation ofD. desulfuricans[FeFe]-hydrogenase is 75
mV (pH 6, 30°C, 1 bar H2), and so the enzyme is almost
fully active at 42 mV prior to injection of O2 (red line). In
contrast, a substantial portion of the sample has already
converted to the oxidized, inactive form when O2 is injected
at 242 mV (blue line). In each case, the electrode was poised
at the vertex potential, 342 mV, for 300 s to allow complete
removal of O2 from solution. For comparison, an anaerobic
cycle recorded under the same conditions is also shown
(green line). The current drops essentially to zero upon
injection of O2 at 42 mV, and almost no recovery of activity
is observed on the return scan (red line). When O2 is injected
at 242 mV, the current drops quickly to zero, but some
reductive reactivation is now observed on the return scan
(blue line) although there is still less recovery than observed
in the anaerobic experiment (green line). (Note that, even in
the anaerobic case, the current decreases during the volta-
mmogram due to the instability of hydrogenase on the
electrode.) These experiments lend strong support to the
proposal that an [FeFe]-hydrogenase that has been oxidized
anaerobically (in this case subjected to a weakly oxidizing
electrode potential) is protected against damage by O2. The
high switch potential associated with Hox

inact means that a

Figure 38. (A-C) Effect of stepwise additions of O2 on the H2 oxidation activity for a PGE electrode poised at+142 mV and modified
with (A) A. Vinosum[NiFe]-MBH, (B) R. eutrophaH16 [NiFe]-MBH, and (C)R. metalliduransCH34 [NiFe]-MBH. In each case the
electrochemical cell was initially flushed with H2. At the time indicated, O2 gas was injected into the headspace of the cell to giveF(O2)
) 5 mbar, and further injections of O2 were made as shown. At the points indicated by the dotted arrow, H2 was flushed through the cell
to remove O2, restoring anaerobic conditions. (D) Chronoamperometry experiments designed to measure the rate of recovery of theR.
eutropha[NiFe]-MBH at different potentials under an anaerobic H2 atmosphere after inactivation by O2 at a high potential (+342 mV).
Other conditions: pH 5.6, 30°C, electrode rotation rate) 2,000 rpm. Panels A, B, and D are reprinted with permission from ref 128.
Copyright 2005 National Academy of Sciences, U.S.A. Panel C: K. A. Vincent, J. A. Cracknell, M. Ludwig, O. Lenz, B. Friedrich, F. A.
Armstrong, Unpublished data.
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high potential oxidant would be required to generate this state
in conventional solution studies, suggesting a reason for the
difficulty in regenerating the O2-stable state in early work
on the [FeFe]-enzymes, and the success with DCIP as
oxidant.

Chronoamperometry experiments shown in Figure 39B
and C quantify exactly how much theD. desulfuricans

[FeFe]-hydrogenase is protected by oxidative inactivation.
Panel B shows a current vs time trace recorded at 10°C
(films of this enzyme on PGE are much more stable at lower
temperatures). First, the enzyme is fully activated at-560
mV. Next, the potential is stepped to-70 mV to measure
the initial H2 oxidation activity, and then it is stepped back
to -560 mV and then to 341 mV, a potential at which the
hydrogenase inactivates anaerobically. After 5 s at 341 mV,
before too much enzyme has inactivated, O2 is introduced,
and then the cell is flushed with H2 for about 500 s before
the potential is stepped to-70 mV to cause reactivation.
The extent of recovery is gauged by comparing the current
with that measured in an anaerobic control experiment at
-70 mV. Panel C summarizes results for a series of similar
experiments in which the potential is held at 341 mV for
increasing lengths of time prior to O2 injection. The recovered
activity increases as the inactivation period is lengthened.

The experiment in Panel B shows that formation of the
Hox

inact state is so fast at pH 6.0 that even a 5 speriod at 341
mV enables substantial inactivation before O2 is added. In
this case, 34% of the initial activity level measured at-70
mV is restored. A 60 s inactivation period prior to O2

injection results in recovery of almost 60% of activity, a level
similar to that restored in a fully anaerobic control experi-
ment. Thus, further to the earlier studies, the electrochemical
results show that Hox

inact is unreactive to O2 (Figure 6B).

7.1.4. Summary: Hydrogenases Operating in Air?

Protein film voltammetry provides precise details on H2

oxidation activity for hydrogenases in air (this is not easy to
measure in other ways) and on the extent of and conditions
for recovery after removal of air. For the [NiFe]-hydroge-
nases fromD. fructosoVoransandA. Vinosum, O2 leads to a
mixture of inactive states, Ni-A and Ni-B, and to some
permanent damage. Repeated cycles of exposure to O2 in
the microanaerobic environment of these organisms (Figure
3) would lead to a build-up of enzyme that is very slow to
reactivate under ambient conditions (hours), along with
increased amounts of “dead” enzyme. Access to the Ni-B
state that is readily activated may be important in providing
protection against O2 inhibition and/or damage in semi-
aerobic growth conditions. For the [FeFe]-hydrogenase (from
D. desulfuricans), the anaerobically generated inactive state,
Hox

inact, appears to be the only form of the enzyme that can
survive exposure to O2.

As might be expected, the hydrogenases from the aerobic
Knallgas bacteriaRalstonia(Figure 3) behave very differently
to the hydrogenases from anaerobes under O2-rich conditions,
maintaining substantial H2-oxidation activity and recovering
rapidly on removal of O2. At the time of writing this Review,
it is still not clear how the states ofRalstoniaMBH enzymes
relate to those shown in Figure 6A. The gas atmospheres
employed in Figure 38 are still far less challenging than the
conditions that may be experiencedin ViVo (F(H2) may be
in the microbar range, andF(O2) may be in the millibar range
and above; section 2.1); further challenges to H2 oxidation
by theRalstoniahydrogenases are addressed in section 8.2,
in which we explore the technological possibilities arising
from a catalyst that will oxidize H2 in air.

Determining whether hydrogenases are able toproduce
H2 in air will be important for applications involving aerobic

Figure 39. Experiments designed to explore the protection against
O2 afforded by the anaerobic, oxidized inactive state ofD.
desulfuricans[FeFe]-hydrogenase on a PGE electrode. Panel A:
Cyclic voltammograms recorded at 10 mV s-1, 30 °C, with a 300
s pause at 342 mV before the return sweep (toward more negative
potentials). Red line: O2 injected at 42 mV. Blue line: O2 injected
at 242 mV. Green line: anaerobic cycle. Black arrows indicate the
direction of the scan. Reprinted with permission from ref 76.
Copyright 2005 American Chemical Society. Panel B: Current vs
time trace for an experiment at 10°C in which the electrode
potential is stepped to 341 mV at 100 s (a potential at which the
enzyme can be inactivated anaerobically) and then O2 is introduced
after 5 s. The extent of recovery after flushing out O2 is measured
by comparing the activity after a reactivation period at-70 mV
with the value from an initial control period at this potential (see
gray dashed lines). Panel C: summary of a series of chronoampero-
metric experiments run as shown in panel B, but with different
time periods for inactivation at+341 mV prior to introduction of
O2. In all experiments, 200µL of O2-saturated buffer was injected
into a 2 mLcell solution, yielding approximately 90µM O2 in the
cell solution. Other conditions: electrode rotation rate) 2500 rpm,
pH 6.0, 1 bar H2. Panels B and C are reprinted with permission
from ref 71. Copyright 2006 American Chemical Society.
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photosynthetic H2 production that exploit either intact cells
or biologically derived or inspired constructs.

7.2. Inhibition of Hydrogenases by CO
In 1943 Hoberman and Rittenberg first reported that

hydrogenase activity is inhibited by CO.138Unlike Pt catalysts
which require harsh oxidative treatment to remove bound
CO, typical hydrogenases are inhibited in a quite reversible
manner by CO, and some CO-insensitive [NiFe]-hydroge-
nases have been identified.2 According to structural and
spectroscopic studies carried out on the [NiFe]-hydrogenase
from D. Vulgaris (Miyazaki F), the exogenous (inhibitory)
CO molecule binds to the Ni atom,70 and the crystal structure
reported by Peters et al. for CO-inhibitedC. pasteurianum
[FeFe]-hydrogenase I shows CO bound as a terminal ligand
at active site Fe.139

7.2.1. [NiFe]-hydrogenases and CO

Figure 40 compares the effect of CO on two [NiFe]-
hydrogenases studied as films on a rotating PGE electrode.128

ForA. Vinosum[NiFe]-MBH, changing the gas environment

from 10% H2/90% N2 to 10% H2/90% CO results in almost
complete inhibition of current (H2 oxidation activity), but
activity is restored rapidly as CO is flushed out of solution
(Figure 40A). Similarly, reversible CO inhibition ofT.
roseopersicinahydrogenase was reported by Karyakin et al.
on the basis of direct electrochemical measurements.140 In
contrast, the H2 oxidation activity ofR. eutropha[NiFe]-
MBH (Figure 40B) is unaffected by CO.128 In this case, the
gas composition of the cell was changed from 10% H2/90%
N2 to 13% H2/87% CO, and this actually resulted in an
increasein activity due, most likely, to the slightly higher
H2 content of the gas environment. In other words, the H2

oxidation activity ofR. eutrophaMBH is not inhibited by
CO, even in large excess over H2.

Léger and colleagues studied how CO inhibits the [NiFe]-
hydrogenase fromD. fructosoVoransand measured how the
equilibrium constant for CO inhibition varies withF(H2) and
electrode potential.66 They recorded the recovery of activity
as CO is flushed from the cell solution, analogous to the
experiment carried out to measure theKM for H2 oxidation
(see Figure 17). In contrast to O2, CO is fully competitive
with H2, and the data were analyzed according to eqs 18
and 19, which arise from standard equations for competitive
inhibition.66,94 Equation 18 shows the relationship between
activity and the concentrations of CO and H2.

In eq 18,KI(CO/H2) is the dissociation constant for CO
as an inhibitor of H2 oxidation. The time dependence is
simple because the concentration of H2 will remain constant
throughout the transient (cf. Figure 17), provided the amount
of CO injected is small. This yields eq 19,

wherei(0) ) imax/(1 + KM/CH2) is the initial current (before
adding CO) and

As expected from the way that H2 oxidation activity
decreases as H2 is flushed from the cell, the recovery of
activity after CO injection is also sigmoidal. Equation 21
shows how the data are manipulated in a linear form by
logarithmic transform.

Values ofKI
appdetermined for different values of electrode

potential and H2 partial pressure are shown in Figure 41 and
reveal a complex pattern of CO inhibition that depends both
on H2 pressure and electrode potential. The value ofKI(CO/
H2) decreases about 10-fold as the H2 level is lowered from
1 to 0.1 bar. Notably, at 1 bar H2 (red data points),KI

app-
(CO/H2) is almost independent of electrode potential (the

Figure 40. Effect of CO on H2 oxidation activity measured for a
PGE electrode modified with (A)A. Vinosum[NiFe]-MBH at 142
mV and (B)R. eutropha[NiFe]-MBH at 100 mV. A continual slow
drop in current during both experiments is attributed to film loss
from the electrode. In each case, the gas composition in the
headspace of the electrochemical cell was varied as indicated, the
electrode was rotated at 2000 rpm, and the cell solution was pH
5.6 buffer at 30°C. Reprinted with permission from ref 128.
Copyright 2005 National Academy of Sciences, U.S.A.
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value is approximately 10-1 bar) whereas, at 0.1 bar H2

(green data points),KI
app(CO/H2) increases slightly as the

potential is lowered. A similar set of experiments was
performed to examine the effect of CO on H+ reduction
under an atmosphere of Ar (blue data points): in this case,
it was found that inhibition is strong and potential dependent.

Of the three active states that have been spectroscopically
characterized (see Figure 6A), Le´ger and co-workers favored
assignment of Ni-SI (also known as Nia-S) as the state which
binds CO.66 This state has been isolated and crystallized for
two [NiFe]-enzymes from sulfate-reducing bacteria.141,142It
was considered by Le´ger and co-workers that Ni-R is
unlikely to bind CO because no CO-adduct has yet been
detected spectroscopically. A reversible CO-adduct with Ni-C
was also considered to be very unlikely. (In Ni-C, the Ni
atom is formally Ni(III)-H-, but H- dissociation as H+ would
leave Ni(I), which could then bind CO.143) However, their
assertion that Ni-SI is the target for competitive inhibition
by CO presents a problem because others have reported that
its reaction with H2 to give Ni-C isirreVersibleon the time
scale of catalytic turnover (the back reactionsformation of
Ni-SI from Ni-Csoccurs very slowly).36 In other words, the
fact that CO appears to be acompetitiVe inhibitor of H2

oxidation and the suggestion that it binds to Ni-SI must be
weighed against spectroscopically derived evidence that Ni-
SI is probably not a catalytic intermediate.118 Nonetheless,
the analysis and proposals of Le´ger and co-workers are given
here. The dotted line in Figure 41 shows the dependence of
KI on E expected for a model in which CO can bind only to
state Ni-SI and electron transfer to the Ni Fe site is very
fast. Clearly, this line predicts that binding will be very weak
below about-0.4 V, where very little Ni-SI exists at
equilibrium with the electrode. The fact that the rate levels
off to a limiting value (rather than decreases to zero) as the

potential is lowered was explained in terms of electron
transfer being sufficiently slow that some Ni-SI could persist
even under low-potential conditions. Le´ger et al. extended
this argument to explain why CO inhibits H2 evolution in
solution assays: intermolecular electron transfer from elec-
tron donors is too slow to maintain a steady state with the
enzyme in the more reduced states that do not bind CO. The
answer may be that true catalytic intermediates are being
missed: as discussed earlier, the turnover frequency is too
high to allow easy detection of true intermediates and,
whereas Ni-SR may be a reactive precursor, the states Ni-C
and Ni-R might be better regarded as “active cul-de-sacs”.

7.2.2. [FeFe]-hydrogenase: CO Inhibition

Hatchikian and co-workers reported a value ofKI ) 0.16
µM for CO binding toD. desulfuricans[FeFe]-hydrogenase
at 30°C, with 20% H2 in Ar.136 The crystal structure of the
CO-inhibited form ofC. pasteurianum[FeFe]-hydrogenase
I by Peters et al. showed that the inhibitory action of CO
results from binding to the active site.139 From EPR
spectroscopy on the CO-bound crystals, it was confirmed
that the structurally determined inhibited state is analogous
to the Hox-CO state formed whenD. desulfuricans, D.
Vulgaris, andC. pasteurianumII [FeFe]-hydrogenases are
inhibited by CO.136,144-146 In the first voltammetric study of
an [FeFe]-hydrogenase, fromM. elsdenii, Butt and Hagen
used their observation of CO inhibition as evidence that the
enzyme was the electrocatalyst.74 We have carried out various
voltammetry experiments to study the inhibition ofD.
desulfuricans[FeFe]-hydrogenase by CO, and in accordance
with previous reports, injection of CO-saturated buffer at 40
mV causes immediate loss of H2 oxidation activity and
injection at-460 mV causes immediate loss of H+ reduction
activity.71 In the course of these experiments, we noted that
the inactive, anaerobically oxidized state, Hox

inact, is unable
to bind CO. Generating the Hox

inact state from active enzyme
and then subjecting it to rapid activation is difficult using
redox mediators, but the sequence of operations is easy to
execute with PFV. This is clearly demonstrated in Figure
42, which compares the amount of reactivation observed
when Hox

inact is reactivated at different scan rates in the
presence of CO. Data from control experiments (black lines)
are included to show the current response when Hox

inact is
reactivated under 1 bar H2 in the absence of CO (the decrease
in current as the potential is taken below-0.2 V is simply
due to the loss of thermodynamic driving force). In the
presence of CO (red lines), the activity reaches a maximum
and then drops sharply to zero as CO binds to the reactivated
enzyme. The peak current increases in magnitude at faster
scan rates because the faster the scan rate, the more Hox

inact

is activated to Hox before CO has a chance to bind and block
catalysis.

7.2.3. [FeFe]-hydrogenase: CO Recovery and Light

The light sensitivity of CO-inhibited [FeFe]-hydrogenase
was first reported by Thauer in 1974, when it was noted
that H2 oxidation activity could proceed in the presence of
CO if the sample was illuminated.147 The photolability of
exogenous CO in various [FeFe]-hydrogenases has since
been investigated using a variety of techniques. Most
recently, Albracht and co-workers presented a comprehensive
study of the [FeFe]-hydrogenase fromD. desulfuricans, in
which EPR and IR spectroscopy revealed that, in the absence
of H2, the Hox-CO state is stable in light.120,148 Cryogenic

Figure 41. Summary of all the constants for the inhibition by CO
of H2 oxidation and H+ reduction byD. fructosoVorans [NiFe]-
hydrogenase, at pH 6, 40°C. Values ofKI

app(CO/H2) measured at
1 bar H2 are shown in red, and values measured at 0.1 bar H2 are
shown in green. The corresponding value ofKI(CO/H2) once the
competition with H2 is accounted for is shown as a circled orange
point. Blue points denoteKI(CO/H+) data obtained for experiments
without H2 (at 1 bar Ar). The lines are from fits to equations given
in ref 66 and the Supporting Information given therein. Reprinted
and adapted with permission from ref 66. Copyright 2004 American
Chemical Society.
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illumination caused photolysis of CO and generated the Hox

signal, but as observed for other [FeFe]-hydrogenases, raising
the temperature caused complete recovery of the Hox-CO
signal.

In contrast to EPR studies which detect CO release through
changes in spectra, investigations by PFV follow the recovery
of catalytic activity. A study of the CO-inhibited [FeFe]-
hydrogenase fromD. desulfuricans revealed that light
significantly enhances the rate of recovery of H2 oxidation
measured at-109 mV but does not enhance the rate of H+

reduction, measured at-459 mV (Figure 43).71 This behavior
suggests the existence of (at least) two CO-bound forms,
with the state that prevails at-109 mV (but not at-459
mV) displaying photolability.

7.2.4. Summary: Similarities and Differences between CO
and O2 Inhibition of [NiFe]- and [FeFe]-hydrogenases

In general, both [FeFe]- and [NiFe]-hydrogenases are
susceptible to reversible inhibition by CO and more devastat-
ing attack by O2. Although [FeFe]-hydrogenases may be
permanently damaged by O2, the anaerobically oxidized state,
Hox

inact, which does not bind CO, is also unreactive to O2

and may represent a “resting” state that would allow the
enzyme to survive under oxygenic conditions. The [NiFe]-
MBH from R. eutrophais an important exception, even

though it shares>40% sequence identity withD. gigas
[NiFe]-hydrogenase (based on ClustalW alignment of large
subunit sequences). TheR. eutrophaMBH retains substantial
H2 oxidation activity even in the presence of an atmospheric
level of O2, and it is completely resistant to inhibition by
CO even when a large excess over H2 is used. Moreover,
although this enzyme reacts with O2 much more rapidly than
it is inactivated anaerobically, the resulting inactive form is
reactivated rapidly when a reductive potential step is applied.
The latter observations suggest strongly that O2 interacts at
a redox center in the enzyme, most likely the active site
(since reversible inhibition at iron-sulfur clusters is un-
likely). Together, the results show that O2 tolerance in this
enzyme is due to the ease by which the product of O2 attack
is removed rather than due to restricted “gas channel” access
to the active site. The hard sphere diameters of CO and O2

calculated from gas viscosities are roughly the same (3.55
and 3.70 Å, respectively, compared with 2.71 Å for H2),128

so it follows that CO must be able to access, but not inhibit,
the active site ofR. eutrophaMBH. Indeed, the fact that
CO does not inhibit suggests an inability to form a metal-
CO bond.

7.3. Reactions of [NiFe]-hydrogenases with Sulfide
Hydrogenases from sulfate reducing bacteria,De-

sulfoVibrio, are likely to encounter H2S under physiological
conditions. In an early study by Higuchi et al., diffraction
data obtained for certain crystals of the [NiFe]-hydrogenase
from D. VulgarisMiyazaki F (MF) were interpreted in terms
of a sulfur based bridging ligand between the active site Ni
and Fe,149 in place of the oxygenic ligands assigned to
inactive forms of the enzymes fromD. gigas, D. fructoso-
Vorans, andA. Vinosum.39,150-153 Higuchi and co-workers also
detected H2S upon incubation of as-isolated hydrogenase with
H2 and electron donors, at a level consistent with release of
sulfide from >20% of the enzyme molecules,124,154 and

Figure 42. Reaction of CO with D. desulfuricans [FeFe]-
hydrogenase as the enzyme is reactivated from the Hox

inact state.
Arrows show the direction of the scan. The film was first inactivated
by poising the electrode potential at 241 mV for 300 s. In each
case the current is normalized with respect to the level of activity
measured on the previous scan; black lines indicate the level of
reactivation expected if CO is absent; red lines show the responses
observed when 30µL of CO-saturated solution (final concentration
14 µM) is injected before the scan. Other conditions: rotation rate
2500 rpm, pH 6.0, 10°C, 1 bar H2. The current transient obtained
in the presence of CO, which intensifies at a higher scan rate,
reflects the enzyme’s opportunity to catalyze H2 oxidation before
CO inhibition. Reprinted with permission from ref 71. Copyright
2006 American Chemical Society.

Figure 43. Effect of white light on the recovery of CO-inhibited
D. desulfuricans[FeFe]-hydrogenase under conditions in which the
electrode potential is driving either H2 oxidation or H+ reduction
activity. Black lines indicate light off; red lines indicate light on.
The electrode was soaked in CO-saturated buffer and then rinsed
with water before commencing the experiment. The H2 oxidation
activity (0-200 s) was monitored by holding the electrode potential
at -109 mV, whereas the H+ reduction activity (201-400 s) was
monitored at-459 mV. Other conditions: electrode rotation rate
2500 rpm, pH 6.0, 10°C, 1 bar H2. Reprinted with permission from
ref 71. Copyright 2006 American Chemical Society.
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further X-ray crystallography showed that the bridging S
atom was absent in the reduced form.142

Following this lead, we undertook electrochemical inves-
tigations of the reaction ofD. Vulgaris MF [NiFe]-hydro-
genase with H2S and studied the properties of the inactive
product that is formed.10 The experiments shown in Figure
44 were carried out at pH 6, conditions under which H2S
(pK ) 6.8) is conveniently produced by dissolution of solid
Na2S. A control experiment (Figure 44A, black line) carried
out at a scan rate of 3 mV s-1 shows that anaerobic
inactivation is slow. Full inactivation is achieved by poising
the electrode potential at 244 mV for 15 min, and a negative
potential sweep (red line) reveals that reactivation occurs at
ca.-50 mV (the “switch” potential, as defined in section 6,

is indicated by•). In Figure 44B, O2 is injected at about 0 V
on the forward sweep, and the switch potential for reactiva-
tion on the reverse sweep is again about-50 mV. The effect
of adding an aliquot of sulfide solution at an electrode
potential of about 0 V is shown in Figure 44C. The
immediate drop in current shows that sulfide inhibits the
enzyme. Activity is restored on the return sweep, with a
switch potential of about 80 mV, which is 130 mV more
positive than the switch potential for reactivation of the
anaerobically oxidized or O2-inactivated state. If sulfide is
added at a more negative potential (Figure 44D), no effect
on activity is observed until the potential is taken above about
0 V. Thus, we concluded that sulfide generates a new,
inactive state of theD. Vulgaris MF [NiFe]-hydrogenasesa
sulfide adduct that is stable only above 80 mV. When
experiments were carried out at higher pH (not shown), the
inactivation by sulfide was much slower, suggesting (but not
proving) that H2S is the attacking species.10

These results can be discussed with reference to a more
recent paper by Higuchi and co-workers,124 who carried out
a detailed crystallographic and EPR study of the reactions
of the D. Vulgaris MF [NiFe]-hydrogenase with Na2S and
O2. The EPR spectra of the as-isolated enzyme indicated a
mixture of species which they attributed to Ni-B (Ready)
and a small amount of Ni-A (Unready). Anaerobic addition
of a high concentration (50 mM) of Na2S resulted first in
spectral changes consistent with reduction of the [3Fe-4S]
cluster, and then the Ni-B signals converted to signals
indicative of a new state that they termed Ni-B′ while the
Ni-A signals remained essentially unchanged. These results
suggest that the high level of sulfide introduced in these
experiments acts first as a reductant and then as an inhibitor,
presumably generating the sulfide adduct observed in the
electrochemical experiments shown in Figure 44C and D.
Introduction of O2 resulted in conversion of the new Ni-B′
EPR signals to Ni-A signals, and reductive activation with
methyl viologen was slow (>40 min), consistent with
activation of Ni-A.124

The experiments in Figure 44E show how these observa-
tions are addressed electrochemically. All the scans were
performed on different films of hydrogenase, so the current
magnitudes vary, and a low scan rate (1 mV s-1) was used.
During the reductive scan (black line) with the sulfide adduct
(formed after adding sulfide to active enzyme), the slow scan
rate provides time for the enzyme to inactivate for a second
time after the sulfide adduct is reactivated (at the higher
potential). The second reactivation process is observed at
the lower potential expected for the Ni-B state. The high-
potential reactivation process corresponding to the sulfide
adduct is not observed when sulfide is added to enzyme that
has been inactivated anaerobically (Ni-B (Ready), red line)
or by O2 (Ni-A and Ni-B (Unready and Ready), blue line).10

Note that the exact positions for the switch potentialsEswitch

are shifted to slightly higher values than in panels A-D
because the scan rate is slower. Finally, in the experiment
represented by the green line, active enzyme was first
exposed to Na2S and then to O2. The high potential
reactivation process is absent, but limited recovery occurs
at the sameEswitch value as Ni-A or Ni-B and further activity
is recovered during subsequent potential cycles (not shown).10

These results are consistent with formation of Ni-A being
particularly favored if the active enzyme is first exposed to
sulfide (giving Ni-B′) and then O2, as suggested by Ogata
et al.124 The possibility of a slowly reactivating

Figure 44. Inactivation of D. Vulgaris Miyazaki F [NiFe]-
hydrogenase by anaerobic high potential, O2, or sulfide. The
voltammograms in panel A show the behavior of a PGE film of
enzyme at 1 bar H2 under anaerobic conditions after pre-equilibra-
tion at either-556 mV (black) or+244 mV (red). In panel B, an
aliquot of O2-saturated buffer is introduced at 0 V on theforward
scan (toward more positive potentials) and the O2 is flushed out so
the enzyme reactivates under anaerobic conditions on the reverse
scan. In panel C, an aliquot of Na2S solution, adjusted to the same
pH as the experimental buffer, pH 6, was introduced at about 0 V
(indicated by a vertical arrow) to give a final concentration of 1
mM. Flushing the headspace with H2 then removes the sulfide (as
H2S). In panel D, the same amount of Na2S is added at a lower
potential. For experiments shown in panel E, the potential was swept
from +242 mV to-400 mV after various pretreatments designed
to generate specific active or inactive states before injecting sulfide
and removing it as H2S. Other conditions: pH 6.0, 45°C, 1 bar
H2, electrode rotation rate) 2500 rpm, scan rate (A-D) 3 mV
s-1, (E) 1 mV s-1. Reprinted with permission from ref 10. Copyright
2006 American Chemical Society.
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species with an S-O bridge cannot be ruled out. The
inactivation/reactivation reactions proposed forD. Vulgaris
MF [NiFe]-hydrogenase based on interpretation of the
electrochemical results10 in light of EPR and crystallographic
data124 are summarized in Figure 45.

Other [NiFe]-hydrogenases also react with sulfide. The
enzymes from otherDesulfoVibrio species,D. gigas(Figure
46A) and D. fructosoVorans (not shown), show similar
although slower reactivity compared to theD. Vulgaris MF
enzyme. TheA. Vinosum[NiFe]-MBH (Figure 46B) reacts
much more slowly with sulfide, and to a lesser extent.

Sulfate-reducing bacteria such asDesulfoVibrio and purple
sulfur bacteria such asAllochromatiumcouple H2 oxidation
to the reduction of sulfur (or sulfate) to sulfide. The PFV
results show that sulfide (H2S) is unable to inhibit [NiFe]-
hydrogenases at potentials more negative than about+100
mV, and it is unlikely that potentials higher than this would
be experiencedin ViVo. However, during cell disruption and
aerobic purification, it is possible that hydrogenase may be
exposed to sulfide at appropriate redox potentials and may
therefore be isolated, at least partially, in a sulfur-trapped
state. This reaction would be difficult to diagnose in solution
experiments without good potential control. Further, the
reaction of the sulfide adduct with O2 could result in Ni-A
because an HS-ligand should be easier to displace than an
HO-ligand (in Ni-B) and this would occur under more
oxidizing conditions, predicted (see section 7.1.1) to produce

Ni-A (Unready) rather than Ni-B (Ready). The information
on reactions with sulfide provided by voltammetric experi-
ments is therefore highly relevant to spectroscopic and
crystallographic studies. Hydrogen sulfide contaminates H2

prepared by steam reforming of hydrocarbons,155 and the
resistance of hydrogenases to sulfides at mild oxidizing
potentials may enable them to be exploited as catalysts for
oxidation of impure H2.

8. Applications of Hydrogenases

8.1. Replacing Pt in Fuel Cells with Biological
Catalysts

The high electrocatalytic H2 oxidation activity of electrodes
modified with hydrogenase has suggested to several groups
the possibility of employing hydrogenases in place of the Pt
particles generally used as the anode catalyst in proton-
exchange membrane H2/O2 fuel cells.82,100,140The high O2

tolerance of the H2-oxidation activity ofRalstonia eutropha
H16 [NiFe]-MBH, which retains about 20% activity in air
(see section 7.1.2), suggested to us that an anode modified
with this enzyme should be able to function in a membrane-
less fuel cell using a second enzyme, laccase, a high-potential
O2-reducing enzyme, as the electrocatalyst at the cathode.128

The optimum pH for H2 oxidation byR. eutropha[NiFe]-
MBH is around 5, close to the pH 3-5 region favored by
laccase fromTrametesVersicolor, a “white rot” wood
fungus.156

As shown in Figure 47A, electrodes coated with these
enzymes were placed in an open beaker of aqueous buffer
(0.1 M citrate, pH 5). It was thus possible to generate
electricity from H2 and air without a separating membrane,
providing that the gas streams were directed close to the
anode and cathode, respectively.128 The open circuit voltage
was about 980 mV, dropping as a load was connected across
the cell to draw a current, giving rise to the power vs load
curve shown in Figure 47B. For comparison, the power/load
curve is shown also for a control experiment in which the
more active but O2-sensitiveAllochromatiumVinosum[NiFe]-
MBH is employed at the anode (open circles). Since theR.
eutropha[NiFe]-MBH is completely insensitive to carbon
monoxide, introduction of CO in the fuel supply has no effect
on the cell voltage or power (Figure 47C).128

8.2. “Wireless Hydrogen”?
We next pose the question, “can a certain hydrogenase be

sufficiently O2-tolerant that it will function as an electro-
catalyst in a fuel cell that can extract useful electrical power
from air containing benign, low-levels of H2?” This alterna-
tive concept, which we term “wireless H2”, offers an extreme
challenge for an O2-tolerant hydrogenase, demanding opera-
tion at <4% H2 in air, a level that is noncombustible.157

As discussed in section 7.1.2, the membrane-bound
hydrogenase from the heavy metal resistant aerobeRalstonia
metalliduransCH34 is so tolerant to O2 that >40% of the
anaerobic level of H2-oxidation activity is retained at ambient
levels of O2, provided that the H2 partial pressure is high.157

However, activity is detectable even at just 3% H2 in air.
This led us to explore the possibilities of a fuel cell operating
on a still mixture of trace H2 in air, as shown in Figure 48A.
An open circuit voltage of 950 mV was recorded, and a
maximum power of 5µW cm-2 was achieved at a cell
voltage of approximately 500 mV.

Figure 45. Representation of proposed reaction scheme for
potential-dependent inactivation and reactivation reactions of
[NiFe]-hydrogenases under anaerobic conditions or in the presence
of O2 and/or sulfide. The approximate potential regions indicated
refer toDesulfoVibrio VulgarisMiyazaki F [NiFe]-hydrogenase and
apply for 45°C, pH 6, 1 bar H2, and scan rate 1 mV s-1. Reprinted
and adapted with permission from ref 10. Copyright 2006 American
Chemical Society.

Figure 46. Cyclic voltammograms recorded to explore the effect
of sulfide on [NiFe]-hydrogenases from (A)D. gigasand (B)A.
Vinosum. Other conditions: pH 6.0, 45°C, 1 bar H2, electrode
rotation rate 2500 rpm, scan rate 3 mV s-1. Reprinted with
permission from ref 10. Copyright 2006 American Chemical
Society.
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Three cells connected in series provided sufficient power
to allow a wristwatch to run for 24 h, fueled by the energy
contained within a tank (12 L, a large volume relative to the
amount of fuel consumed) of just 3% H2 in air (Figure 48B).
The power curve shown in Figure 48C reflects the behavior
of just one cell as the applied load is successively lowered.
The power was fairly stable (>10 min) at each load above
about 100 kΩ, but below this, the power dropped very
rapidly and the open circuit voltage was not recovered when
the circuit was disconnected.

This behavior can be understood with reference to the
voltammogram in Figure 48D, forR. metallidurans[NiFe]-

Figure 47. Operation of a membraneless H2/O2 fuel cell, in which
H2 is directed at a PGE anode modified withR. eutropha[NiFe]-
MBH and air is directed at a PGE cathode modified with laccase
from T. Versicolor. Each electrode has a surface area of 0.7 cm2,
and the electrolyte is aqueous citrate, 0.1 M, pH 5. The cell is
operated at room temperature. Panel A: diagram of the cell. Panel
B: a plot of power vs applied load (V2/R vs R, whereV ) cell
voltage andR ) load) for the fuel cell (filled squares,9) and for
a control experiment (open circles,O) in which the O2-tolerantR.
eutropha MBH-modified electrode is replaced by an electrode
modified with the O2-sensitiveA. Vinosum[NiFe]-MBH. Panel C
shows the power versus time course recorded with a 330 kΩ load:
introduction of CO has no effect on the power output. Reprinted
wtih permission from ref 128. Copyright 2005 National Academy
of Sciences, U.S.A.

Figure 48. “Wireless hydrogen”sfuel cell experiments under
demanding conditions. Panel A: Schematic representation of an
enzyme fuel cell open to the gas atmosphere of 3% H2 in air
contained within a glass tank. The anode is modified with theR.
metallidurans [NiFe]-MBH, and the cathode is modified with
laccase. The hydrogenase must be sufficiently active and tolerant
to O2 to compete with direct reduction of O2 at bare regions of the
PGE anode, which generates peroxide and superoxide species that
could potentially damage the enzymes. Panel B: A wrist watch
powered by three of these cells operated in series. Panel C: Power
vs load curve for a single fuel cell recorded as the load was stepped
to progressively lower values (red solid circles). Data from control
experiments are also shown in which the anode is modified with
an O2-sensitive hydrogenase,A. Vinosum[NiFe]-MBH (black open
circles), or is left bare (small green dots). Alternatively, a bare PGE
cathode is combined with theR. metallidurans[NiFe]-MBH-
modified anode (open blue circles). Panels A-C are reproduced
from ref 157 by permission of The Royal Society of Chemistry.
Panel D: Cyclic voltammogram recorded for a rotating PGE
electrode modified withR. metallidurans[NiFe]-MBH (electrode
area) 0.03 cm2, rotation rate) 6000 rpm) at 2 mV s-1 in 0.1 M
citrate buffer, pH 6, in contact with 3% H2 in air. (K. A. Vincent,
J. A. Cracknell, M. Ludwig, O. Lenz, B. Friedrich, F. A. Armstrong.
Unpublished data.)
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MBH on a rotating graphite electrode under 3% H2 in air.
Under these demanding conditions, H2 oxidation is sustained
only over a very narrow potential range, bounded at more
negative potentials by competing O2 reduction at bare regions
of the graphite and at high potentials by inactivation of the
hydrogenase that is rapid under these conditions and causes
the current to drop almost to zero at potentials higher than
200 mV. Application of a low load in the fuel cell causes
the potential at the anode to rise into the region where the
enzyme inactivates. Depletion of H2 close to the anode as
larger currents are drawn at low loads will make these
conditions even more challenging.

Fuel cell experiments not only explore ways in which
hydrogenases may be applied in energy technologies, but
they also provide information on the ability of hydrogenases
from aerobic Knallgas bacteria to sustain activity under the
highly demanding conditions that may be experiencedin
ViVo. Figure 49 shows the effect of various manipulations
of gas environment or applied load on the cell voltage and
power output for a single fuel cell as described above. The
electrolyte was first saturated with H2, and then the cell was
placed in an atmosphere of 3% H2 in air under open-circuit
conditions. The open-circuit potential decreased over 20 min
from 0.94 to 0.88 V as the gas composition of the electrolyte
equilibrated with that of the environment. A variable load
was then connected to measure a power vs load curve,
causing the cell voltage to drop as current was drawn (power
increases). When open-circuit conditions were restored, the
voltage climbed back to 0.87 V and remained stable. After
10 min, a 680 kΩ load was applied, causing the cell voltage
to drop; the voltage then remained stable at 0.82 V even
after introduction of 1% CO. After a further 5 min, the tank
was flushed with N2, causing the cell voltage to drop below
0.2 V. After reapplying open-circuit conditions and introduc-
ing 3% H2 and just 0.25% air to the N2 atmosphere, the
voltage climbed to 1 V. Under these conditions, the open-
circuit voltage was reproducibly slightly higher than the value
recorded at 3% H2 and 97% air, although the power output
dropped rapidly when a load was applied to draw current.
After flushing the tank with air and readmitting 3% H2,
sequential decreases in load gave decreases in voltage (with
increases in current). Finally, restoration of open-circuit
conditions gave 0.86 V, close to the initial value after
equilibration with the gas environment.

The fuel cell experiments described in this section clearly
demonstrate thatR. metallidurans[NiFe]-MBH is able to

oxidize dilute H2 in air, consistent with the physiological
role of this enzyme in an aerobes living at low H2 partial
pressures (see Figure 3). The advantages of certain hydro-
genases as H2 oxidation catalysts, in comparison to Pt,
include their high affinity for H2, their ability to oxidize H2

in air, and their high selectivity for H2 over other small
molecules such as CO or H2S. Hydrogenases functioning at
mild temperatures in aqueous conditions are unlikely to
compete with Pt in proton exchange membrane (PEM) fuel
cells in which the catalyst is operated at elevated temperatures
(sometimes>100°C) in a humidified gaseous environment.
However, the selectivity of hydrogenases may open up novel
possibilities for energy technologies that exploit H2 sources
that are too dilute or contaminated to be suitable for
conventional Pt fuel cells.

9. Conclusions and Outlook
The high catalytic H+ reduction and H2 oxidation activities

of hydrogenases translate into high catalytic currents in direct
electrochemical experiments, making protein film voltam-
metry (PFV) a sensitive and powerful technique for address-
ing these enzymes. Whereas high turnover rates lead to rapid
depletion of substrate near the electrode (and the current
response for a hydrogenase at a stationary electrode generally
reports on little more than the rate of mass transport of H2),
rotation of the electrode provides a convenient means to
supply substrate and remove product at the electrode surface.
Providing interfacial electron transfer between the electrode
and the enzyme is fast, the electrocatalytic current response
provides significant insight into the potential profiles for
activity and reactions of hydrogenases. The PGE electrode
has proved to be an excellent conducting substrate for direct
adsorption of proteins, and highly electroactive films of a
number of [NiFe]- and [FeFe]-hydrogenases have been
studied. The minimal sample requirement and ease of film
preparation on this kind of electrode have enabled detailed
comparisons of the properties of hydrogenases from different
organisms or of the effect of site-directed mutationss
comparative studies that would be difficult to achieve by
spectroscopic or crystallographic methods that demand much
larger quantities of enzyme. Remarkable variation in the
properties of hydrogenases has been revealed through PFV
experiments, in particular differences in their sensitivity to
oxidative inactivation and small molecule inhibition, even
for enzymes with very high sequence similarity. Only a small
number of hydrogenases have so far been purified and
examined in detail, and the discovery and isolation of new
hydrogenases is likely to lead to a library of enzymes with
diverse catalytic properties.

The electrochemical response is sensitive to potential-
dependent variations in catalytic activity or other reactivities,
all of which might be overlooked in conventional solution
methods. Notable examples include the higher overpotential
for H2 oxidation ofRalstonia eutropha[NiFe]-MBH com-
pared with other hydrogenases (approximately 80 mV), the
high potential window for stability of the sulfide adduct of
DesulfoVibrio VulgarisMiyazaki F [NiFe]-hydrogenase, and
the potential dependence of CO inhibition constants forD.
fructosoVorans [NiFe]-hydrogenase. A voltammogram re-
sembles a spectrum with recognizable features, such as a
fast or slow “switch off” in activity at high potential, or the
potential-dependent release of an inhibitor. Protein film
voltammetry thus provides much more than just values of
reduction potentials, and where potentials are provided by

Figure 49. Variation in fuel cell voltage (blue) and power output
(red) with time, in response to changes in the gas environment
(purple labels) or applied load (green labels) for a fuel cell operated
as shown in Figure 48A. OC) Open circuit. Reproduced from ref
157 by permission of The Royal Society of Chemistry.
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PFV, they may refer to conditions in which the substrate is
present, which is not possible in equilibrium potentiometric
titrations.

Electrochemical results can rarely be interpreted in isola-
tion: PFV provides information on reactions but not the
structures of species that react or form. Consider the “CEEC”
reversible inactivation-reactivation cycle of hydrogenases:
inactivation involves first a chemical reaction, i.e., a re-
arrangement/removal of atoms, and then the resulting ar-
rangement is trapped by loss of an electron. The conditions
required for generating specific states determined from
electrochemical experiments provide insight into conditions
that may be employed to generate well-defined states for
structural measurements. Electrochemical diagnosis of reac-
tions, including potentials (thermodynamics) andrates
(kinetics), therefore, goes hand-in-hand with spectroscopic
or crystallographic structure elucidation. Challenges remain
for comparing the inherent activities of different hydroge-
nases on an electrode, since the overall electroactivity
depends both on the rate of enzyme turnover and on
electroactive coverage, which is rarely known. Details of the
actual mechanisms still remain unclear: the turnover fre-
quencies are very high, and intermediates that can be inferred
from PFV experiments, evident in the pH and potential
dependencies of current, are likely to remain elusive and
difficult to characterize structurally.

Whereas most studies of hydrogenase activity have
employed high levels of H2 (typically >0.1 mM), the
sensitivity of electrochemical measurements to activity at low
H2 concentrations has permitted evaluation of activities under
conditions more closely resembling those encountered by
hydrogenasesin ViVo. The high activity of hydrogenases, high
affinity for H2, and high selectivity for H2 over other small
molecules have been exploited in small-scale proof-of-
concept novel fuel cells to produce electricity from H2 at
low levels in air or with high levels of contaminating CO.
These experiments not only highlight opportunities for
hydrogenases in future technologies but also explore the
challenge of aerobic H2 oxidation in biology. The activity
per active site for hydrogenases on graphite compares
favorably with that of Pt, and together with the impressive
resistance of certain hydrogenases to small molecule poisons
(O2, CO, H2S), this may lead to application of hydrogenase-
modified electrodes in novel fuel cells or H2 production or
H2 sensing applications. While the enzymes themselves are
inherently fairly stable, these applications will demand robust
electrode attachment and improvements in coverage.

Knowledge of the reactions of hydrogenases with small
molecules provides a benchmark for the desirable properties
of future hydrogen-cycling catalysts. Synthetic clusters
inspired by hydrogenase chemistry may be developed to
catalyze H2 oxidation and H+ reduction, but challenges
clearly arise not only in synthesis of catalytic sites but also
in providing the “plumbing” for gas access and “wiring” for
electrons that subtly tune the chemistry of these enzymes.

10. Full Names and Strains of the Main
Micro-organisms Mentioned in the Text
AllochromatiumVinosum
Aquifex aeolicus
Clostridium pasteurianum
Desulfomicrobium baculatum
DesulfoVibrio desulfuricans
DesulfoVibrio gigas

DesulfoVibrio Vulgaris (strains Miyazaki F or Hildenborough)
Megasphaera elsdenii
Pyrococcus furiosus
Ralstonia eutrophaH16
Ralstonia metalliduransCH34
Thiocapsa roseopersicina

11. Abbreviations
EPR electron paramagnetic resonance
MBH membrane-bound hydrogenase
PFV protein film voltammetry
PGB pyrolytic graphite basal plane
PGE pyrolytic graphite “edge” surface
RHE real hydrogen electrode
SCE saturated calomel electrode
SHE standard hydrogen electrode
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