4366 Chem. Rev. 2007, 107, 4366—4413

Investigating and Exploiting the Electrocatalytic Properties of Hydrogenases

Kylie A. Vincent, Alison Parkin, and Fraser A. Armstrong*
Inorganic Chemistry Laboratory, Department of Chemistry, University of Oxford, South Parks Road, Oxford OX1 3QR, United Kingdom

Received February 23, 2007

Contents 5.3. Catalytic Constants 4385
1 Hvd £ S 4366 5.4. Dependence of Activity on pH 4386
- Hydrogen as an Energy Store . 5.5. Activity Comparison of Hydrogenases with Pt 4388
1.1 The Hydrogen Half Cell Reaction ) 4367 5.6. Catalytic Bias: H, Oxidation vs H* Reduction 4389
1.2. Why Study Hydrogenases onan Electrode? 4368 5.7. Rate-Determining Steps 4390
1.3. Challenges and General V|§|onary Qutlook 4369 5.7.1. H*ID, Exchange Experiments 4390
2. Hydrogen and Its Redox Chemistry in Biology 4369 5.7.2. Intramolecular Electron-Transfer 4390
2.1. Hydrogen Cycling in Biology 4369 Limitations?
2.2. Types of Hydrogenases 4370 5.8. Outlook 4392
2.3. Redox Partners for [FeFe]- and 4372 6. Reversible Inactivation of Hydrogenases under 4393
[NiFe]-Hydrogenases Anaerobic Conditions
2.3.1. In vivo Redox Partners 4372 6.1. Characteristic Potentials of Anaerobic 4393
2.3.2. In vitro Redox Partners 4372 Active/lnactive Interconversions
2.4. Hydrogenase Structures: Biological Plumbing 4373 6.2. Kinetics of Anaerobic Active/Inactive 4396
and Wiring Interconversions
2.4.1. Electron Relay Centers 4373 7. Reactions of Hydrogenases with Small Neutral 4397
. Molecules
2.4.2. Gas Channels May Control the Activity of 4373 -
Hydrogenases / y 7.1. O,—Inhibitor and/or Substrate? 4397
2.5. Complexity of Hydrogenase States 4373 7.1.1. OSensitive [NiFe]-hydrogenases 4397
2.5.1. The Role of Protein Film Voltammetry in 4374 7.12. Oy Tolerant [NiFe]-hydrogenases? 4401
Navigating between States of 7.1.3. [FeFe]-hydrogenases: Inactive States 4402
Hydrogenases Protect against O, Damage
3. Dynamic Electrochemical Methods for Studying 4374 7.1.4. Summary: Hydrogenases Operating in 4403
Hydrogenases Air?
3.1. Electrochemical Equipment 4374 7.2 Inhibition of Hydrogenases by CO 4404
3.1.1. The Importance of Controlling Mass 4375 7.2.1. [NiFe]-hydrogenases and CO 4404
Transport 7.2.2. [FeFe]-hydrogenase: CO Inhibition 4405
3.1.2. Gas Supply and Gas Purity 4376 7.2.3. [FeFe]-hydrogenase: CO Recovery and 4405
3.1.3. Light Intensity 4376 . ;Ight Siiartios and Dif a0
3.2 Methods for P ing Hvd Fil 4376 224, Summary: Similarities and Differences
Elgct?Odsesor reparing rycrogenase Fims on between CO and O Inhibition of [NiFe]-

3.2.1. Direct Adsorption of Hydrogenase onto an 4377 and [FeFe]-hydrogenases

Electrode 7.3. Reactions of [NiFe]-hydrogenases with 4406
3.2.2. Strategies for Entrapment and Attachment 4378 . Sulﬂde
of Hydrogenases at Electrodes 8. Applications of Hydrogenases 4408
4. The Study of Enzymes by Protein Film 4379 8.1. Replacing Pt in Fuel Cells with Biological 4408
Voltammetry Catalysts .
4.1. How Reactions Are Induced by the Electrode 4379 8.2. “Wireless Hydrogen™ 4408
Potential 9. Conclusions and Outlook 4410
4.2. What Does Protein Film Voltammetry 4379 10. Full Names and Strains of the Main 4411
Reveal? Micro-organisms Mentioned in the Text
4.3. Enzymes as Complex Electrocatalysts 4380 11. Abbreviations 4411
4.4. Differences between Characteristic Potential ~ 4381 12. Acknowledgments 4411
Values Measured by Potentiometry and by 13. References 4411
Catalytic Voltammetry
5. Electrocatalytic Activity of Hydrogenases 4381
5.1. Ensuring the Electrochemistry Is Not 4383 1. Hydrogen as an Energy Store
Controlled by Transport of Substrate Hydrogen is the most abundant element in the universe
5.2. Effects of Interfacial Electron Transfer on the 4384 and the tenth most abundant element on Earth, but we
Electrocatalytic Wave Shape encounter only a tiny amount as molecular (8.5 ppm in

10.1021/cr050191u CCC: $65.00 © 2007 American Chemical Society
Published on Web 09/11/2007



Electrocatalytic Properties of Hydrogenases

Kylie Vincent is a graduate of the University of Melbourne, Australia (BA/
BSc Hons, Ph.D.), and since 2002 has carried out postdoctoral research
at the University of Oxford with Fraser Armstrong. She holds an R. J. P.
Williams Junior Research Fellowship at Wadham College, Oxford. Her
research interests include the application of electrochemical and spec-
troelectrochemical methods to biological systems, in particular enzymes
involved in energy cycling.

i

Alison Parkin was born in Beverley, U.K., and grew up in East Yorkshire.
She is a graduate of the University of Oxford (MChem) and is now
completing her doctorate in the Armstrong group. Her studies have
focussed on applications of protein film voltammetry to elucidate
mechanistic details of complex enzymes. Many of these catalyze
technologically relevant reactions.

the lower atmosphetebecause it escapes easily into space.
Although H, has a strong chemical bond, the hydrogen atom
forms an even stronger bond to oxygen, argDHbeing
relatively nonvolatile, is the dominant compound on Earth’s
surface. Reaction of Hwvith O, (1) releases a large amount
of energy, and most mixtures explode upon ignition.

= —286 kJ mol*
1)

In both biology and technology, Hs a fuel (an energy
carrier)? In technology, some important advantages ef H
are (i) its high specific enthalpy of reaction with, QAH®
per gram), which lends itself to uses where weight is
important, such as rocket propulsion, and (ii) the fact that
the explosive reaction 1 withGs ignited simply by a spark
and produces only water. In both biology and technology,
as the reduction product of water; I4 the strongest reducing

2H,(g) + O,(9) — 2H,0()) AH®

agent to be thermodynamically stable in aqueous solution.

But H, also has notable disadvantages. Its low solubility in
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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, lis
difficult to store—a point that has been emphasized by critics
of a future “hydrogen energy economy”. The biological
solution to trapping K 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 Kis otherwise quite an inert molecule and
is oxidized slowly without a catalyst. Equally, it is not easy
to reduce water (H,) to form H, without a catalyst (although
clean, four-electron reduction of,Qo form HO is even
more difficult). Under mild conditions, up to 15TC, the
most effective catalyst is platinum, but very fast intercon-
version of H 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, ldre catalyzed
under ambient conditions at iron or nickel and iron catalytic
centers contained in highly active enzymes called hydroge-
nases.

1.1. The Hydrogen Half Cell Reaction

The energy released when K4 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 potentiaimeasured for an aqueous
solution in equilibrium with H gas depends on pH
(—log(@H"), whereaH" is the activity of H), and the H
partial pressurep(H,).
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2H" (pH=0) + 26 — H, (1 bar) E°=0V (2A) At very low levels, H not only loses its thermodynamic
potency, but the kinetics of reaction are slowed down. These

disadvantages are partly offset by its high diffusion coef-
(2B) fici SO .

icient, which is the largest of any molecule, and since
diffusion rates scale as the square root of molecular mass,
the H, molecule travels about four times faster than an O
molecule and 18 times faster than NADH. The fact that a
H, 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.

E = E° + 2.3RTnF log{ (aH ") p(H,)}

In eq 2B,Ris the gas constarnt,is the absolute temperature,

n is the number of electrons involvee-? for reaction 2A),
and F is the Faraday constant. The standard reduction
potential €°) in this case is the standard hydrogen electrode
(SHE)—the potential provided by an aqueous solution at pH
0, 25°C, in equilibrium with H gas at 1 bar pressurand

is a common reference for other redox couples. In biochem-
istry, electrochemical measurements are rrl?ade at higher pH1'2' Why Study Hydrogenases on an Electrode?

values that have greater physiological relevance, and “stan- This Review describes how much can be learnt about the
dard” reduction potentials under these conditions are I’ep|ace(broperties of hydrogenases by applying a variety of dynamic
by terms such a€® (a “formal potential”) orEn; (a electrochemical techniques. Aside from scientific curiosity,
“midpoint potential”, in this case determined from potenti- e will be interested to see how well these enzymes or their
ometry carried out at pH 7). Reduction potentials reflect inspired mimics could function as electrocatalysts in future
reducing power-the more negative the potential, the more hydrogen technologies such as novelftil cells, “green”
potent is the electron donor. Some misconceptions arise: atH, production, or H sensing.

pH 7, under 1 bar b the reduction potential of the proton Protein film voltammetry (PFV) is a term used to describe
is =413 mV vs SHE, but this value is considerably more the application of a suite of dynamic electrochemical
positive under the much lowerzHpartial pressures that are  techniques to interrogate redox-active protein molecules
physiologically and environmentally relevant (see section attached to an electrode. It is now well established that
2.1). Figure 1 shows how for the H/H; redox couple varies  proteins ranging from small electron carriers to large,
with pH and log p(H2)}. complex enzymes can be adsorbed on electrode materials
such as carbon and exhibit high rates of electrgoi®tein

0 ¢ i . X .
el (interfacial) electron transfér.’” In these experiments, di-
agnostic current signals arise as electrons are exchanged
- 0 between the enzyme and electrode as a result of catalytic
Els0 turnover and variations in electrode potential. The experiment
£ 200 pH5 is depicted as a cartoon in Figure 2.
= -250
E‘ -300 pH:S aqueous solution
-350 pR
i He reactant product
P
-450
-500 :
1000000 10000 100 1 0.01/ppm enzyme
(1 bar) (10 mbar) (100 pbar) (1 ubar) (10 nbar)
p(Hz) (logarithmic scale) co'zflf?"ﬂ:?te otro
modifications
Figure 1. Plot of E(H/H,) vs p(H,) (logarithmic scale) according electrode surface to electrode
to eq 2B for pH 5-8, 25°C. H; levels are provided as parts per h electrons b d
million (ppm) in the lower atmosphere or as partial pressure in bar attach enzyme (can be rotate
at atmospheric pressure. The gray area shows the levelstbak at high speed)
are likely to be encountered by soil bactetithe dashed line
corresponds to the level of;tth the lower atmospherethe hatched AR Control chemistry by

area indicates typical levels of,i¢mployed in solution assays or

electrochemical studies of hydrogenases.  Measure modulating clectrode
catalytic current potential and also by
The abundance of Hn the lower atmosphere (0.5 ppm) = turnover rate spinning the electrode

sets a realistic lower limit on its thermodynamic reducing Figure 2. Cartoon showing the configuration of an enzyme in a
power, andE = —227 mV at pH 7 (Figure 1). At pH 7,  protein film voltammetry experiment. Adapted with permission from
0.1% H (1000 ppm, aboutM) is in equilibrium with a 50% ref 5a. Copyright 2003 American Chemical Society.
NAD*/NADH mixture (E = —320 mV), a fact that has

implications for soluble hydrogenases that catalyze formation Dynamic electrochemical techniques are very different
of NADH from very low amounts of K Conversely, NADH from potentiometrybecause the focus is on recordingrent

in water at pH 7 would evolve Hf there were no Hpresent (electron transfers and catalytic activity) as a function of
to start with (provided an appropriate enzyme is present to electrode potential rather than measuring the ratio of oxidized
catalyze what is otherwise an extremely slow reaction). to reduced components of a system that is at equilibrium
Figure 1 is not a reflection of the redox potential in a living with a particular electrode potential. Techniques such as
cell, only an expression of the inherent electrochemical cyclic voltammetry which have been used for over 40 years
properties of Hitself as its partial pressure is varied. As we to measure the redox properties of small molecules in
discuss in sections 6 and 7, a certain level ofil also solution (their reduction potentials and stabilities) acquire a
important in protecting the active sites of hydrogenases fresh significance when dealing with complex enzymes that
against formation of inactive states. are attached to an electrode surface. As we will show later,
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hydrogenases are not directly electroactive at an electrodeto avoid Q damaging the active site of the enzymes.
until they have become attached to (adsorbed on) thePhototrophic microbes such as cyanobacteria and green algae
electrode surface (Figure 2). A useful aspect of protein film use energy from sunlight to oxidize water, generating a
voltammetry is the minimal sample requirement: whereas transmembrane proton gradient and producing energetic
extensive spectroscopic measurements require quite largeelectrons. Although the electrons are usually used in NADPH
amounts of material (a typical EPR sample may contain generation, under certain adverse growth conditions, par-
several milligrams (tens of nanomoles) of enzyme), detailed ticularly deprivation of sulfur, the green algae are able to
electrochemical results are obtained from less than a pico-sustain photosynthetic ATP synthesis by diverting the
mole of enzyme on an electrode. This advantage is particu-electrons to a hydrogenase that generates”H This
larly important for hydrogenases because preparation yieldshydrogenase, which is of the [FeFe]-type (see later), is highly
are low (often no more than a few milligrams from 100 g sensitive to the @that is released during water splitting,
cells) and heterologous (over-)expression is challenging dueand this process therefore does not persist under conditions
to the genetic complexity of hydrogenase asserbly. of illumination® Okura, Friedrich, and co-workers recently
Protein film voltammetry allows extensive exploration of fused a subunit of Photosystem | (PSI) from the cyanobac-
properties, and it can both complement and “trailblaze” terium Thermosynechococcus elongatosthe Q-tolerant
spectroscopic and structural investigations. We emphasize[NiFe] membrane-bound hydrogenaseRaistonia eutropha
in this Review that fast and direct control over the electrode H162° They demonstrated by gas chromatographic detection
potential is critical in studies of hydrogenasenzymes that ~ of H» that the spontaneously assembled composite hydro-
exist in numerous active and inactive states. As an example, genase-PSI system catalyzes light-driven, khroduction.
it has recently become apparent that uncertainty over theDirect electron transfer between PSI and the hydrogenase
presence of a sulfur-based bridging ligand in the active site Side steps the physiological ferredoxin-mediated electron
of [NiFe]-hydrogenases can be attributed in part to the transfer between PSI anfl. elongatushydrogenase. The
difficulty in achieving control over the redox state of protein electrochemical potential, whether pertaining to the biological
molecules in crystallographic experiments (see section'¥.3). cell or a voltammetry experiment, is an important variable
The importance of potential control is also appreciated by for tuning catalytic activity: it not only controls catalytic
considering the structural information that can be obtained activity but it also determines the sensitivity of enzymes to
from infrared spectroelectrochemical studies, described ininhibitors and destructive agents such as O
the Review by Feritadez et al. in this Issue, in which a gold Synthetic electrocatalysts for H-cycling are coming under
electrode in conjunction with soluble mediators is used to increased attention and might ultimately be based on the

produce specific redox states of a hydrogeriase. active sites of the enzymes. If synthetic catalysts could be
attached to electrodes, new avenues could be opened up for
1.3. Challenges and General Visionary Outlook cheap electrolytic biproduction. Once again, a key issue is

_ . , likely to be O sensitivity, because it will be difficult to
Hydrogen is heralded by many as a “fuel of the future”, gypstjtute the “supramolecular” protection that is provided

but more accurately, it is a form of stored energy and a py the protein environment to filter or neutralize attacks by
transportable fuel. Three major challenges are how to obtaininis aggressor.

H, in large amounts, how to store it, and how to release its
energy. The latter is the best developed because fuel ceIIs,Z
albeit expensive, are becoming an accepted technology. At
resent, His stored by compression or liquefaction, although C o
{')here is intense intgrest Fi)n finding I(?W-cost Iightweigﬁt 2.1. Hydrogen Cycling in Biology
materials that, like Pd, can reversibly absorb high volumes Atmospheric models predict that extensive future use of
of H, but without the disadvantages of cost and prohibitive H, as a fuel will lead to increased atmospherig lelvels
weight (for transport}2 Only in rare cases, such as Iceland, due to leakage during storage and transportation and to
does H exist as a mineable resource, otherwise it must, in incomplete fuel conversiott. At the present time, the level
the future, be obtained by splitting watéiWhether thisis  of H, in the lower atmosphere, 0.5 ppm, is influenced mainly
carried out electrolytically, photolytically, thermolytically or by H, released during fossil fuel combustion and microbial
“biolytically”, the catalyst is a prime consideration. At production, atmospheric photochemical reactions that convert
present, most His obtained from fossil fuels by reacting H, into H,O and CH, and uptake of klby soil?! In the
methane with water at high temperatures (the “steam 1980s and 1990s, Conrad and co-workers determined details
reforming” reaction). But for those anxious to promote the of soil H, cycling and showed that the sub-ppm atmospheric
development of “green” btechnologies, steam reformation H, levels are too low for uptake by soil micro-organistas.
is really to be seen only as bridging the gap unty isl Thus, microbial H uptake from soil relies upon supple-
obtained from nonfossil sources without €& a byproduct.  mented levels from geological and other biological activity.
“Reformed” H, is contaminated with b6 and CO-gases In upland soils, Mfixing root nodules release Has a
that poison Pt catalysts. Pure, ks obtained mainly by  byproduct of ammonia formation catalyzed by nitrogenases.
electrolysis, where, significantly, Ni and Fe electrodes are In O,-poor wetland soil and submerged sediments,idhs
used to electrolyze a concentrated alkali solution, although are important electron acceptors and id produced by
a large overpotential is required. hydrogenase action in fermentative bactéfi®ihydrogen
“Bio-hydrogen” is the production of Husing microbes® is also produced by algae and cyanobacteria that under certain
and two routes are available, fermentation or photosynthetic conditions use hydrogenases to consume electrons produced
production. Fermentation involves providing bacteria with by photosynthesi®:?4
suitable carbon sources such as domestic wégteotosyn- Conrad defined zones in submerged wetland soils accord-
thetic H, production is potentially more attractive since ing to a vertical redox gradient of microbial substrate
primary energy is captured, but it is complicated by the need reduction reactions coupled to, Hxidation (Figure 3¥?

. Hydrogen and Its Redox Chemistry in Biology
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only partially metabolized under microaerobic conditions.

% :‘2 Even at extracellulags(O,) as low as 1 mbar, the cytoplasmic

N2 O, concentration is maintained at the same level as that

outside the cell. The growth limitation must therefore arise

v because the oxygenases required for organic substrate
aer;!:::[ . Soavo: e ygenrich oxidation have relatively highiky values for Q (Kuy =
berteria) R0 I Michaelis constant, a measure of the affinity of an enzyme
Denitrifying w07y NOS > 'f: e for its substrate, where a higty indicates a low affinityf’
bacteria N, N,fixing Thus, it can be assumed thas IBvels above ca. 1 mbar are
Fe™ reducers s02v Fe" > ?= bacteriain 4 maintained in actively growing cultures. In this Review we
Photo-synthetic purple A H ’°°'"°d"'“/ will consider the challenge that these levels of Would
u i 4 ose for aerobic Hoxidation and show how electrochemica
sulfur bacteria oy SO& fz H, p f bic Hoxidat d show h lectroch |
Sulfate-reducing experiments can assist in understanding the chemistry in a
bacteria . . .

guantitative manner (sections 7.1 and 8).

Methanogens

Interesting examples of hydrogen cycling arise in unusual
or extreme environments. Most strikingly, the ithat is

Figure 3. Schematic representation of the vertical distribution of ; ; ; ;
redox reactions that contribute to the flux of Eind other trace released through geological action at volcanic vents is taken

gases in submerged wetland soil. Only trace levelsafedch the up by thermophiles and hyperthermophftéSloser to home,

O,-rich environment at the surface where aerobic Knallgas bacteria the anaerobic environment of the human large intestine
are able to oxidize b Higher levels of H are available to houses methanogens and sulfate-reducing bacteria that

anaerobes. Depletion of;Howard the surface is indicated by the compete for H formed by fermentation of carbohydrafés.
thickness of the vertical arrows. The potentials indicated are for An average H level of 43uM has been measured in the

pH 7. Adapted from ref 3 with permission of the author and the mycuys layer of the mouse intestine, and it is becoming
American Society for Microbiology Journals Department. apparent that high affinity hydrogenases expressed by
bacteria such ablelicobacter pylori(whole cellKy ~ 1.8

uM) assist these human gastric pathogens to colonize the
niche environment of the stomaghHigh levels of H in

the breath have been used to diagnose carbohydrate malad-
sorption and may reach70 ppm following lactose ingestion

by lactose-intolerant patients.

Challenges to biological fbxidation and production arise
not only from Q but also from other small molecules that
are expected to bind at Hactivation sites, including CO,
H,S, 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® Hydrogen sulfide is produced by sulfate- and sulfur-
reducing bacteria, and.8 can be formed at millimolar levels
in laboratory cultures of sulfate-reducing bactétig Nitric
oxide is an intermediate in nitrogen cycling, and its concen-
tration is balanced by the action of nitrifiers and denitrifiers
that haveKy values < 8 nM.2 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 ofbxidation by hydrogenases
and solution assays for Hiptake activity have focused on
high H, levels under anaerobic conditions, usually 605
bar H, indicated by the hatched region in Figure 1. The high
levels of H are far above physiological level$® and we
include in this Review some recent observations of interesting
effects in the voltammetric behavior of hydrogenases at very
low levels of H under both anaerobic and aerobic conditions.

Gradients of H and Q concentration also exist in this
environment, and the range of,Hevels likely to be
encountered is highlighted by the gray box in Figure 1. In
the anaerobic fermentation zone, dissolveddipresent at
a steady-state concentration in the—-1B0 nM range
(equivalent to an atmosphere containing approximatety 10
180 ppm) and it is taken up by methanogens that couple H
oxidation with the reduction of COto CH,.2> Microbial
utilization of trace gases is defined by threshold concentra-
tions below which they are no longer consunidabviey?®
and Conradlreport that cultures of methanogens in sediments
are only able to oxidize Hif it exceeds a threshold partial
pressure of about 70 ppm (corresponding to ca. 70 nM
dissolved H). Some H diffuses upward to the sulfate
reduction zone, where sulfate-reducing bacteria (B
sulfovibrio) couple H oxidation to sulfate reduction. They
have a higher affinity for Hthan methanogens and lower
its steady-state concentration to ca.1D nM. Levels of H
are further depleted by the action of 3Fereducers 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, @rich niches are inhabited by aerobic
Knallgas bacteria (e®alstonia formerly Alcaligene$ that
are able to grow on §l O,, and CQ as the sole sources of
energy and carbohOnly trace levels of Hreach the surface,
and Knallgas bacteria have thresholds ferugtake of>1
ppm by volume (approximately 1 nM dissolved)ldnd have
needed to adapt to considerable variation in levels of both
H, and Q.?226 A question thus arises which can be addressed
by electrochemical methods: how compatible are hydroge-
nases, ancient enzymes that precededo@ earth, with
ambient levels of @and oxidizing conditions in general? 2.2. Types of Hydrogenases

Arras et al. have considered the cellular levels pfikely Utilization of H, for energy was probably a crucial feature
to be maintained by aerobes. They monitored the growth of of very early life on Earth and occurs everywhein
Pseudomonas putidan organism that is physiologically bacteria, archaea, and lower eukaryotes. Convergent evolu-
similar to R. eutropha on different organic substrates at tion led to three classes of hydrogenases that are able to
various partial pressures of,Op(0,).?” Growth becomes  catalyze interconversion of molecular; Hand protons.
severely limited ato(O,) below 10 mbar, particularly for  Although they share no sequence similafitgll three types
growth on aromatic substrates which the authors show areof hydrogenases utilize metal carbonyl active sites that are



Electrocatalytic Properties of Hydrogenases Chemical Reviews, 2007, Vol. 107, No. 10 4371

Desulfovibrio gigas [NiFe]-hydrogenase Desulfovibrio desulfuricans [FeFe]-hydrogenase

P cys  cys

1]

S S—[4Fe4S]
Sin N SN/

cys
N Fe ==t CN wFe Feu
s N5 7, NCVg N\ \en
v
SN\ co ocC co co
/ cys
cys
A B

Figure 4. Representations of the X-ray crystallographic structures (constructed using Pymol) and active forms of the active sites of (A)
Desulfasibrio gigas[NiFe]-hydrogenase (PDB code: 1YR®and (B)Desulfaibrio desulfuricandFeFe]-hydrogenase (PDB code: 1HPE).

The identity of the bridgehead atom X in tBe 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 comprisefl dii§ters (shown as spheres).

unknown elsewhere in biology. The [FeFe]- and [NiFe]- this is quantified), but in general, [NiFe]-hydrogenases have
hydrogenases are named according to the metal compositiorbeen classed asytbxidizers, whereas [FeFe]-hydrogenases
of their active sites, each being bimetallic centers with CO have been considered mainly to be-ptoducers.
and CN ligands (Figure 4). The active sites are intriguing ~ An issue familiar to organometallic chemists is the
in both biological and chemical terms: it is rare to find CO significance of valence shell electron counting, particularly
and CN as endogenous ligands in biology, and the metals when it is applied to carbonyl compounds. The so-called “18-
cycle through oxidation states that are unusual in coordination electron rule” (which predicts that a d-block organometallic
chemistry. A subset of the [NiFe]-hydrogenase family, the compound should be stable if the total number of electrons
[NiFeSe]-enzymes, incorporate a selenocysteine coordinatednvolved in bonds between the metal and its ligands totals
to the Ni in place of one of the terminal cysteine residues of 18) applies most commonly to those elements located in the
the standard [NiFe]-enzymésin the third class of hydro-  middle of the d-block. These rules ought to apply to the
genases, recently termed [Fe]-hydrogen&sew found only active sites of hydrogenases. Thus, in Figure 4, if the iron
in methanogens, Hs split at a mononuclear iron-carbonyl atoms were assigned as'F¢hey would each possess 16
center to release a proton and transfer a hydride to the hydridevalence electrons (presuming there is ne-Fe bond) and
carrier, N>,N'>-methenyltetrahydromethanoptefit+8 be susceptible to attack by an additional ligand, taking the
In this Review we focus on the [FeFe]- and [NiFe]- electron count up to 18.
hydrogenases that rely upon an electron relay chain for fast Although hydrogenases first evolved in an anoxic environ-
electron transfer between the buried active site and the proteinment, the gradual accumulation of @ Earth’s atmosphere
surface. The active sites of these enzymes have certain(after the establishment of oxygenic photosythesis) and the
similarities as well as differences, and we will see how, subsequent emergence of @spiration led to microbes able
despite being products of convergent evolution, the [NiFe]- to couple H oxidation to Q reduction. Even so-called “strict
and [FeFe]-hydrogenases show very similar chemical char-anaerobes” such as sulfate-reducing bactéresulfasibrio,
acteristics, even in their respective behavior toward inhibitors are often found in microbial mats at the interfaces of oxic
such as @ and CO. The turnover rate for Hoxidation and anoxic environments and may even utilize the oxidizing
relative to the reverse reaction; Heduction (the inherent  power of Q under certain conditions.Oxygen-rich condi-
preference for catalysis in one direction as opposed to thetions present a series of challenges for microbes that utilize
other is known as theatalytic biasof the enzyme), varies  or produce H. The sulfur-rich and often coordinatively
among different hydrogenases (in section 5.6 we discuss howunsaturated metal sites at the active centers of hydrogenases
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render these enzymes sensitive to attack by @e H,, both
O, and CO utilizerr-back-donation in their bonding with

Vincent et al.

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

transition metal atoms, making them potential competitors the electrode surface.

for H, binding sites. Once bound,,@an react further as an
oxidant, leading to a variety of possible products, including

A group of multi-subunit soluble hydrogenases incorporate
additional domains with flavin cofactors and diaphorase

peroxides and oxygenated sulfur species such as sulfenigNAD(P)* reducing) functionality. They may utilize the

acids ~S—0—H) and sulfoxides ¥ S=0).#>43As discussed
below, channels identified in the protein framework of both

reducing power of KHto produce NAD(P)H, or to restore
redox balance by removing NAD(P)H and generating H

[NiFe]- and [FeFe]-hydrogenases probably facilitate accessfrom water3* An example is the cytoplasmic bidirectional
of these gases to the active site. Further, the [NiFe]- and “soluble hydrogenase” dR. eutroph&’

[FeFe]-hydrogenases rely upon iresulfur clusters as

D. wulgaris and D. desulfuricansexpress a soluble

electron relay stations, and these centers are inherentlyperiplasmic [FeFe]-hydrogenase that is thought to be,a H

unstable in the presence 060

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

2.3.1. In vivo Redox Partners

uptake enzymé® These hydrogenases are analogous to the
D. gigas[NiFe]-hydrogenase shown in Figure 5B and pass
electrons to soluble cytochrone In contrast, the highly
O.-sensitive [FeFe]-hydrogenase | Gfostridium pasteur-
ianum is cytoplasmic and is a #producer, with the net
reaction being the oxidation of glucose by protéh3he

Hydrogenases have a complex range of cellular functions, €lectrons are supplied by ferredoxins, under iron-rich growth
and sometimes several enzymes within one Organism areCOﬂdltlonS, or flavodoxins under conditions of iron starva-

active in energy cycling. Indeed, the recently published
genome foDesulfaibrio vulgaris Hildenborough encodes

tion.%° In green algae such #@hlamydomonas reinhardtii
[FeFe]-hydrogenases may be located in the chloroplast

six hydrogenases, although only three are normally expressedstroma and catalyzeproduction linked to photosynthetic

sufficiently to be detectet:*> Periplasmic “uptake” hydro-
genases link Koxidation to reduction of various electron
acceptors including CQSQO?~, NOs~, fumarate, or @(see

Figure 3) and contribute to the establishment of a trans-

membrane proton gradietftThe [NiFe]-hydrogenases of this

type (see Figure 4A) comprise a large subunit that incorpo-

electron transfer via interaction with a ferredoXin.

2.3.2. In vitro Redox Partners

In vitro hydrogenase activity is usually detected and
quantified through K uptake or production assays that
involve a soluble redox partner such as methy! violod&#y (

rates the [NiFe]-active site and a small subunit that houses= —446 mV), benzyl viologen En; = —358 mV), or

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 \etype
cytochrome that mediates transfer of electrons frogtdd

methylene blue Enz = 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 A The reaction can be

the respiratory chain quinone pool (Figure 5A): examples followed spectrophotometrically by monitoring the change
are the [NiFe]-membrane-bound hydrogenases (henceforthjn concentration of the redox d$#* or by using a Clark

we will use the term “MBH” where a hydrogenase is believed
to be membrane bound in the cell) froR eutrophaor
Ralstonia metalliduransand Allochromatium zinosuny*é
Other bacteria, such & gigasandD. desulfuricansexpress
soluble [NiFe]-hydrogenases that interact withcdype
cytochrome (Figure 5B). All these [NiFe]-hydrogenases
appear to be particularly well-suited for protein film volta-

electrode to follow changes inJidoncentratior.Viologens
are also used as titrants in potentiometry, and in spectro-
electrochemistry and mediated electrochemitr§’, where
the protein is not interacting directly with the electrode.
Certain cytochromesphysiological redox partners of some
hydrogenaseshave also been employed as mediatérg

In protein film voltammetry, the electrode acts as the direct

mmetry, probably because electron transfer to the electroderedox partner of the hydrogenase (Figure 5C), providing a
(Figure 5C) is not dissimilar to electron transfer to their large continuous flow of electrons, back and forth, as the potential
and often membrane-bound redox partners: in both casesjs varied. The advantage of having electrons “on-tap” will
an extensive contact area must be available at a point wherebe discussed in section 4. A redox center in the hydrogenase
electrons can enter or leave the protein (see section 3.2.1)(the electron entry/exit point) is held in close contact with
An important assumption here is that the catalytic parts of the electrode surface, and there is no need for mobile

ﬂ B

.

H Soluble
H Periplasm H* ,_2 _ periplasmic  Periplasm
2 MBH [ @ | hydrogenase
H* - {1 S i
V%e\, ' LN
L e
i ' | Cytb Cytc - .
membrane E::giratory membrane electrode
I
Cytoplasm Cytoplasm

Figure 5. Schematic representation of two-subunit periplasmic [NiFe]-hydrogenases witlinth&io 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 themovement in myoglobin have shown that protein cavities
protein is entrapped on the electrode as a multilayer film or (formed by introducing internal packing defects) are used
where the sample contains impurities that block sites on theas pathways for ligand migratiddIn [NiFe]-hydrogenases
electrode, some enzyme molecules may be unable towith H,-sensing and gene regulation roles, it has been
exchange electrons rapidly with the electrode and will only suggested that bulky isoleucine and phenylalanine residues
undergo electrocatalysis in the presence of mediators. Thegate the end of a channel close to the Ni atom and hinder
conditions required for direct adsorption of hydrogenases in access of larger neutral molecules (eg OO, or HS) to
electroactive conformations remain unclear, but they are the active site. Support for this hypothesis stems from

discussed further in section 3.2. experiments on the Golerant regulatory hydrogenases (RH)
from R. eutrophaH16 or Rhodobacter capsulatus which

2.4. Hydrogenase Structures: Biological replacement of these amino acids by less bulky valine and

Plumbing and Wiring leucine residues confers,®ensitivity®354We return to the
guestion of gas channels in [NiFe]-hydrogenases in section

2.4.1. Electron Relay Centers 7, where we discuss access of CO and®the active site

The protein environment provides more than just a Of the membrane bound hydrogenaseRofeutropha

rotecting scaffold for the fragile and sensitive catalytic .
genters. gBoth [NiFe]- and [FeF(ga]—hydrogenases incorpgrate2'5' Complexity of Hydrogenase States
iron—sulfur clusters as electron relay centers to connect their Newcomers to hydrogenase research are naturally over-
buried active sites to the protein surface (see Figure 4), andwhelmed by the number of different states that have been
in both classes of enzymes the clusters are typically detected and sometimes characterized sufficiently to provide
positioned 12-14 A apart. Dutton and co-workers have a basis for a good molecular understanding. Chemical
suggested that this type of spacing allows electron transferfeatures which are common to both [NiFe]- and [FeFe]-
to be sufficiently fast as to not limit the rate of catalysis of hydrogenases include (a) the presence of one or more
an enzymé? although this need not be the case when relay oxidized states that are catalytically inactive but may serve
centers are altered by deliberate mutations, as discussed im purpose in being “resting states” that are unreactive to
section 5.7. destructive ligands such as,QOand (b) involvement of

The combination of different iroasulfur clusters found uncommon oxidation states, such as Ni(lll), Ni(l), and Fe-
in the relay varies between different types of hydrogenases,(l). For both classes of hydrogenase, strong IR absorption
and this may have important implications for catalytic activity bands from active-site CO and CNgands are very helpful
and bias. [FeFe]-hydrogenases have a [4Fe-4S] cluster bound

directly to the di-iron site via a bridging cysteine ligand 5

(Figure 4). As well as shortening the path for long-range K Lommmmmmmmmmmms R . \
electron transfer, this ironsulfur cluster must also be . e e o aeeiideto
regarded as an integral part of the active site, contributing Unready Roady \
directly to the electronic and catalytic properties. X-ray Ni-A (Ni.") Ni-B (Ni,) :
crystallographic studies show that thHe. desulfuricans Anaerobic oxidative
[FeFe]-hydrogenase contains two [4Fe-4S] clusters in a u u actiation leads to Ready

ferredoxin-like domain, whereas ti@e pasteurianunfFeFe]- pallal | isu (i) (7> NSR (NiS)

hydrogenase | contains aterminal [2Fe-2S] ferredoxin- I Reductive
like module and an additional [4Fe-4S] cluster. The [NiFe]- & k\b——\ = "’J:\%‘:‘ ey
hydrogenases fronD. gigas and D. fructosaorans each Reaction of active enzyme with O, genarates

i inactive states (Ready and Unready) that be
contain two [4Fe-4S] clusters and one [3Fe-4S] cluster, | e taes (Ready and Unready) it con b

co
— co
€0 inhibited

=

whereas the [NiFeSe]-hydrogenase frb@sulfomicrobium the Kinetcs of thei reducive re-actvation. GO ibilon' e
. . . Ir oCcurs Ve completely reve
bactulatumcontains three [4Fe-4S] clustéfsAn interesting ‘dead enzyme. The proporions of Unready and in electrochemical

and H, level at which O, is introduced. P is an

presence at the distal [4Fe-4S] cluster (the cluster furthest termediate formed aftor th rate detemiring

feature of the [NiFe]- and [NiFeSe]-hydrogenases is the Q"’“'"‘W“"e"”°”‘“°°"’°"°"°”°‘°”““"

experiments and
solution assays/

from the active site) of a histidine ligand rather than a

cysteine at one Fe subsite. The significance of this unusual B X e - \
substitution is discussed in section 5.7. o

- 1e
2.4.2. Gas Channels May Control the Activity of aneerobe || Reduatve
Hydrogenases inactivation | Hysns

. .. Positive potentials:
Hydrophobic channels sufficiently large to allow access white light enhances
rate of CO release

for gas molecules have been identified crystallographically

in a [NiFe]-hydrogenase. fructosaorang by the trapping "fjo-
of Xe atoms within the protein at high Xe pressufes. s HCO
p g p J—

Modeling of gas access within tHe. desulfurican® and H,, -CO
C. pasteurianufft [FeFe]-enzymes suggests that gas channels \ More negalve polenials:
may also exist in this class of hydrogenases. Molecular Active /
dynamics (MD) simulations indicate that althoughé#sily

independent of ligh

: . . : ._Figure 6. Inactive and active states of (A) “standard” [NiFe]-
enters the protein, there is preferential occupation of certainy,irogenases (e.gD. gigas or A. zinosun) and (B) [FeFel-

gas channels and, on the time scale (9 ns) of the MD pyqrogenases (specifically, the enzyme fr@m desulfurican
simulations, H accesses the active site via these charfiiels. |nterconversions that have been detected in electrochemical experi-
Similarly, X-ray crystallography studies of ;,Gand CO ments are highlighted by colored arrows.
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for distinguishing between different states, including those is a platinum wire or gauze, and the reference is generally a
that are EPR-silent, whereas a potentially serious shortcomingsaturated calomel electrode (SCE) or a Ag/AgCI electrode.
is the difficulty in locating H atoms and dealing with the The working electrode is typically carbon (particularly
possibility of coordinated Hwhen assigning oxidation levels.  pyrolytic graphite), but it can be gold modified with an
Figure 6 summarizes the interconversions so far reportedalkanethiolate self-assembled monolayer (SAM) that will
for [NiFe]- and [FeFe]-hydrogenases, emphasizing (with enable the protein to bind in a productive manner. There
colored arrows) the reactions that can be studied by proteinare many possible configurations for the three electrodes,
film voltammetry. The situation is further confused because and Figure 7 illustrates a selection of cell configurations that
different researchers have used different terms to identify have been used in electrochemical studies of hydrogenases.
the same states. For example, in referring to inactive statesin Figure 7A, the cell is open and consists of a main
of [NiFe]-hydrogenases, the “Ready” state is also known as compartment that houses the working electrode and the
Ni-B or Ni* and the “Unready” state is also known as Ni-A  counter electrode, and a reference compartment that is
or Nig*. In fact Ready and Unready are labels that relate to connected to the cell via a luggin capillary, the tip of which
their rates of reductive reactivation, whereas the correspond-is located close to the working electrode. The working
ing labels Ni-B/Nj* and Ni-A/Ni * are assigned to specific  electrode is a rotating disc electrode (RDE) that can be
active-site EPR or IR spectroscopic signatures (the asteriskgotated rapidly (508-10,000 rpm depending on the motor)
denote EPR detectability). These states are relevant to [NiFe]-to provide a well-controlled flux of substrate and product to
hydrogenases frodesulfaibrio species, oA. vinosum and and from the surface. As explained in section 4.2, the rotating
it remains to be seen whether analogous states are formediisc electrode is particularly important for highly active
with other [NiFe]-hydrogenases. Similar inconsistencies in enzymes such as hydrogenases, and its use is discussed
nomenclature have arisen for the [FeFe]-hydrogenases. Wefurther in section 3.1.1. The cell is surrounded by a water
stress that Figure 6 shows only states that persist long enoughacket for temperature control, whereas the reference elec-
to have been detected. Observation of very high catalytic trode is always held at an ambient standard temperature. The
rates for both [NiFe]- and [FeFe]-hydrogenases means thatprimary gas atmosphere is controlled by bubbling gas into
true catalytic intermediates remain uncharacterized. Thethe cell solution. A short-lived concentration of another gas
green boxes depicting active states are thus oversimplifiedis achieved by injecting an aliquot of gas-saturated solution
(for example, it is reported that only the interconversion and then allowing it to flush out of the cell solution: this is
between Ni-C and Ni-R is reversible and this reaction the essence of a novel approach to extracting detailed

probably involves several intermediatésj? information on kinetic constants (see sections 5.3 and
2.5.1. The Role of Protein Film Voltammetry in Navigating 7.1.1)7°"Since hydrogenases are generalyys@nsitive, the
between States of Hydrogenases use of an open cell usually necessitates confinement in an

Dynamic electrochemistry of hydrogenases should be anaerobic glove box.

considered as a complementary approach, working alongside Better control over the gas concentration is achleved.by
and in harmony with other physical methods. A possible sealing the glass cell onto the electrode rotator and flowing
complication with interpreting crystal structures of redox 9ases through the headspace as shown in Figure 7B. This
enzymes is that the oxidation level of the active site might design also incorporates a manifold for preparing gas
be unknown; moreover, two or more oxidation states might Mixtures, and gases are passed through a purifier before
coexist in the crystal. Spectroscopic methods can provide reaching t.he: cell. In most cases, itis still de§|rable to house
more detailed information to help characterize a particular the cell within an anaerobic glove box. Placing the counter
state: this is because, compared to crystals, solution sample§lectrode in the same compartment as the working electrode
for spectroscopy are easier to obtain in well-defined statesPresents a possible source of contamination, since an
by titration and rapid quenching. Equilibrium electrochemical Oxidative reaction at the working electrode results in a
measurements (titrations with mediators) link spectroscopic corresponding reductive current at the counter electrode and
characteristics to reduction potentials. In contrast, dynamic Vice versa, and in some circumstances n@y be evolved
electrochemical methods in general do not link directly with at the Pt electrode. Location of the counter electrode in a
spectroscopy but instead measure, simultaneously, (a) thecompartment separated by an ionically conducting frit (e.g.
potentials at which reactions occur (both during catalysis and Vycor) may be necessary in some cases. The electrode
when the enzyme is inhibited) and (b) the rates at which surface may also be illuminated.
these reactions occur over a variable potential range. Alternative electrode configurations have been developed
In protein film voltammetry, both oxidized and reduced for exploitation of hydrogenases as electrocatalysts. Figure
forms of a redox couple can be present simultaneously in 7C shows a cell reported by Adams and co-workers for
the cell solution and the rate of reaction in either direction studying hydrogenases adsorbed onto a packed bed of
is controlled by the thermodynamic bias provided by the graphite®® This configuration is useful for stationary elec-
electrode potential and the kinetic bias of the enzyme. The trodes becauseHs bubbled through the high surface area
electrode can also be considered as a reaction partner, ablgraphite bed and this assists mass transport. A simple
to donate or accept electrons over a continuous range ofenzyme-catalyst fuel cell may be constructed by combining
potential (electrochemical driving force). an electrode modified with an£olerant hydrogenase (the
anode) with an electrode modified with an-@ducing

3. Dynamic Electrochemical Methods for enzyme such as fungal laccase (the cathode), as illustrated

Studying Hydrogenases in Figure 7D. This setup not only tests the technological
. . potential of enzyme catalysts but also reveals interesting
3.1. Electrochemical Equipment details about the behavior of hydrogenases under demanding

A standard three-electrode setup is generally employed forconditions of low H in air, close to the levels experienced
protein film voltammetry experiments. The counter electrode in biology (see section 8.2). Thus, fuel cell experiments not
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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 pressure)Q 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, D@ ton 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 frBnzyme Microb. TechnolVol. 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” 54849, Copyright 2005, with permission from Elsevier. Panel D: a simple design for a membraneless

fuel cell that exploits enzymes as catalysts for dkidation and @ 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
O.-reducing enzyme such as fungal laccase).

only provide a route to exploiting enzymes in energy plateau attained as the driving force is raised really only
technologies but also tell us about how pairs of redox-coupled reflects the rate at which tarrives at the electrode. As we

enzymes might function in living cells. discuss further in section 4.2, this problem can be overcome
. or minimized by rapid rotation of the working electrode, the
3.1.1. The Importance of Controlling Mass Transport aim of which is to maintain the Hconcentration at the

Hydrogenases generally have very high rates of turnover electrode surface at (or close to) the level of that in the bulk.
and low Ky values. This means that the electrocatalytic The waveform and current at a high rotation rate then report
response (the current detected as a function of potential) ofdirectly on the inherent catalytic properties of the enzyme
a hydrogenase at a standard-sized (usuallynm diameter) (and the rate of interfacial electron transfer to the electrode)
stationary electrode will often be limited by mass transport rather than merely reporting on the rate of transport of H
of the reactant (). Consequently, the limiting current to the electrode. An alternative strategy is to make the
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Figure 8. Various early observations of electrocatalysis by adsorbed hydrogenases. Panel A: Current vs potential ploxittatidn

and H" reduction at a carbon black electrode with immobiliZedoseopersicindiydrogenase in enzyme-free phosphate buffer, pH 7.0,
30 °C. Reprinted with permission froth Biotechnol. Vol 27, S. D. Varfolomeyev, A. I. Yaropolov, A. A. Karyakin, “Bioelectrocatalysis:
The electrochemical kinetics of hydrogenase action”-3339, Copyright 1993, with permission from Elsevier. Panel B: Electrocatalytic

reduction of H (i;
hydrogenase (zlvﬁ

o and oxidation of H (iy,) observed for a vitreous carbon electrode in contact with a drolgl.oélsdenii[FeFe]-
exposed to K Other conditions: pH 8.6, 10 mV) 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 Electrochemisttggzsphaera elsdeniion
hydrogenaseEur. J. Biochem1997 245 116-122, with permission from Blackwell Publishing. Panel C: Cyclic voltammograms recorded

at 50 mV st during adsorption of. vinosum[NiFe]-MBH from dilute solution (1M hydrogenase in mixed buffer, pH 6.0, 0.1 M NacCl)

onto a freshly polished stationary PGE electrode undeatN80°C. The poly-cationic coadsorbate polymyxin B sulfate (0.2 mg flis

present in solution. Hthat 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. wulgaris Hildenborough hydrogenase undes (¥ in the presence of 0.16M poly-L-lysine (MW 37,000) and (ii)

without poly+-lysine. Other conditions: 0.10 M Tris-HCI, pH 7.70, scan rate 5 m¥t.sThe blank electrode response is given by the
dotted line in (ii). Reproduced and adapted from ref 77 by permission of-H®8 Electrochemical Society.

enzyme film less dense by polishing away some of the 3.1.3. Light Intensity
enzyme molecules so that it behaves like an array of . .
microelectrodes, each with efficient radial substrate diffu- . A number' of hy-droge_nase's S.hOW Ilght-depe_ndent reactiv-
sion® In section 5.1 we discuss voltammograms obtained 'Y: USL;‘S‘U}/ involving dissociation of photolabile carbonyl
for a very active film of hydrogenase, which show how 9roUpPs: In order o explore photoactlv!ty_ coupled_ to
difficult it can be to remove mass transport control, particu- €l€ctrochemical reactions, a halogen lamp is included in the
larly at low H; levels that are depleted so easily. 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

3.1.2. Gas Supply and Gas Purity through the glove box window

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 O,-sensitive hydrogenases, such @esulfaibrio
gigas|[NiFe]-hydrogenase, may be susceptible to oxidative  Hydrogenases only undergo direct electron transfer or
damage or inactivation even when exposed to high-purity electrocatalysis when adsorbed on an electrode surface. In
H, that is certified to contairc1 ppm Q (e.g. Air Products early studies of hydrogenase electrochemistry in the 1970s,
Premier Grade bJ. For this reason, the gas inlet line should redox mediators were included in the electrolyte solution to
include a purifier column containing an @&crubbing facilitate electron transfer to hydrogenase molecules in
catalyst, for example, Varian Gas Clean Oxygen Filter (outlet solution or in poor contact with an electrotfeHowever,
<50 ppb Q; Figure 7B). navigation through the many states of these enzymes (Figure

3.2. Methods for Preparing Hydrogenase Films on
Electrodes
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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 fHoxidation or H 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 roseopersicin&liFe]-hydrogenase gave an elec-
trocatalytic response when adsorbed on a carbon black
electrode’® Under an argon atmosphere, negative currents
were detected corresponding td keduction, whereas, under
a H, atmosphere, the Hreduction was suppressed, and a
large positive current was observed at higher potentials oy
corresponding to Hoxidation (Figure 8AY2 Because these AL F gy R, Hm
measurgmen@s were made in enzyme-free buffer solution with Figure 9. Panel A depicts how a film of protein is formed on a
no mediator, it was Clea.r that the hydrogenase was exCham-:]'pyrolytic graphite “edge” electrode by spotting dilute protein onto
ing electrons directly with the electrode. the surface. Panel B is a scanning electron micrograph of the “edge”

In 1997, Butt and colleagues reported direct electrochem- surface of pyrolytic graphite polished withiin a-alumina, rinsed
istry of Megasphaera elsderjireFe]-hydrogenase at a glassy with water, and then sonicated for 10 s in water (from ref 78).
carbon electrode in contact with a drop of solution (Figure Particles of alqmina remain on the surface bu@ are removed upon
8B).74 The voltammetric response persisted after the electrodefurther sonication. Reprinted frodournal of Solid-state Electro-

; ; ; ; ) _chemistry Vol. 10, 2006, p 830, “The pyrolytic graphite surface
was rigorously rinsed and inserted into enzyme-free elec as an enzyme substrate: microscopic and spectroscopic studies”

trolyte, indicating again that the electroactive enzyme was ¢_ ¢ planford, F. A. Armstrong, Figure 5b, Springer-Verlag 20086,
adsorbed on the electrode surface. Direct adsorption onto awith kind permission of Springer Science and Business Media.

freshly polished pyrolytic graphite surface dipped in dilute
protein is a straightforward method for preparation of highly

electroactive films for many hydrogena$éé*7¢ Pershad Addition of a poly-amine coadsorbate such as polymyxin
et al. reported in 1999 that this approach works well for the B sulfate (0.2 mg mL?) to the enzyme solution improves
[NiFe]-MBH of Allochromatium (formerly Chromatiumn) adsorption ofA. vinosumandD. gigas[NiFe]-hydrogenases

vinosumon a pyrolytic graphite edge (PGE) electra8@iéA andDesulfaibrio desulfuricangFeFe]-hydrogenase on PGE.
PGE electrode consists of a piece of pyrolytic graphite that The coadsorbate also stabilizes the film when the electrode
is oriented so as to project the edges of the aromatic layersis transferred to enzyme-free solution. However, polymyxin
toward the electrolyte; see below.) Cycling the potential at appears to have little beneficial effect on adsorption of the
a stationary electrode during adsorption Af zinosum Ralstoniamembrane-bound hydrogenases, perhaps because
[NiFe]-MBH (from 1 uM solution) under a Natmosphere  of a different surface charge distribution. FilmsAfsinosum
provides a convenient means of monitoring growth of the [NiFe]-MBH with polymyxin on PGE are stable for several
film, as shown in Figure 8C. In these scans, id reduced hours, enabling many experiments to be carried out on the
by the enzyme at low potentials, giving rise to a negative same film. Bianco and Haladjian used palysine to adsorb
current. The H produced in this reaction (which remains in a hydrogenase frorDesulfaibrio vulgaris Hildenborough

the vicinity of the enzyme because the electrode is not on a pyrolytic graphite electrodé Under a N atmosphere,
rotated) is reoxidized as soon as the potential is taken abovea solution of hydrogenase containing peljysine gave a
about—0.4 V, giving rise to a positive current that drops strong H reduction response, withHteoxidized at higher

off at higher potentials as the,ttoncentration close to the potentials (Figure 8D). In the absence of the coadsorbate,
electrode becomes depleted. Any hydrogenase that can bottthe electrochemical response resembled that of the blank
evolve and oxidize Krapidly will show a similar response  electrode. The requirement for palylysine suggests that

as it adsorbs at a stationary electrode, and therefore, thehe response is due to enzyme that is adsorbed on the
voltammograms generated during film formation do not electrode surface, although all experiments were conducted
convey any specific information. with hydrogenase present in the electrolyte.
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A

Figure 10. (A) A molecule ofD. gigas[NiFe]-hydrogenase (PDB code: 1YQWyiewed 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 (redegative; blue= positive) that is a footprint for interaction with the heterogeneous
graphite surface. Representations constructed using Pymol.

Figure 9A depicts one of the ways a protein film can be relying on the weak, noncovalent interactions that are
formed on a PGE electrodéThe PGE surface is chemically produced by coadsorbates such as polymyxin.

heterogeneous in terms of having a variety of different  Morozov et al. have reported adsorptionTofroseoper-
oxidized carbon functionalities (such as=O, C-OH, and  sjcinaandD. fructosaorans[NiFe]-hydrogenases onto bare
COOH),”® and polishing with alumina makes it extremely carbon or carbon modified with a viologen-containing poly-
rough with deep cracks and defects, as shown in the SC&nninQ(pyrrde) derivative. This po|ymer is prepared by depositing
electron micrograph (Figure 9Bj.These factors may be  the monomemN-methylN'-(12-pyrrol-1-yldodecyl)-4,4bi-
important in providing adsorption sites for a diverse range pyridinium ditetrafluoroborate, in acetonitrile, onto a carbon
of proteins. The PGE electrode might indeed be regarded assupport and then electropolymerizing by cycling the potential,
providing a “combinatorial” surface for protein binding, which appears to enhance coverage and film stability. High
usually offering at least some blndlng zones that will favor currents, close to 1.4 mA/cﬁmare recorded at an over-
productive adsorption of a particular protein. potential of ca. 200 m\?>-82 Johnston et & adsorbed the

In Figure 10 we depict how a hydrogenase that is binding bifunctional H-oxidizing/sulfur reducing hydrogenase | from
in a productive orientation, i.e., able to carry out fast the extremophilé®yrococcus furiosusnto pyrolytic carbon
interfacial electron transfer (because the entry/exit site can paper or a packed graphite column (Figure 7C) in an attempt
get close to the electrode), would appear to the underlying to form a robust enzyme electrode for fuel cell applications;
electrode. The electrostatic surface projectiorDofgigas however, they obtained small current respori8es.
[NiFe]-hydrogenase (panel B) shows a ring of negative  Bjanco and co-workers carried out experiments in which
charge encircling the region close to the distal cluster: this gmail volumes (+2 uL) of protein are trapped between a
suggests that productive binding will require a compensatory graphite electrode and a piece of dialysis membPa#fA
ring of positive qharges on the electrode, and this may bep. wulgaris [FeFe]-hydrogenase solution (6R1) examined
why poly-cationic coadsorbates such as polymyxin are i, this configuration showed an electrocatalytit duction
important in stabilizing a film. _ _ current, but the membrane strategy did not enhance stability

Adsorption of hydrogenases onto pyrolytic graphite basal s the current was attenuated after the first electrode-potential
plane (PGB) electrodes sanded with a fine emery géper cycle and restored only after the electrode was repolished
probably reflects adsorption at “edge” defects that are createdynq re-exposed to enzyrfeThese studies are likely to be
on the basal surface by abrasion, since it was noted thatcomplicated by exchange of enzyme molecules between the
polishing with alumina does not result in enzyme adsorption. gjectrode and the trapped solution layer, and thus, it is unclear
Adsorption at a small total area of defect sites may explain \yhether the whole of the sample addressed electrochemically
the very small current responses (on the order of 100 nA) as subjected to the same regime of potential control. A
reported at 63C for hydrogenase from the hyperthermophile - sjmjjar membrane-electrode approach was used by Ikeda et
Aquifex aeolicuon PGB al.55 and later by Bianco and co-workeisto facilitate
3.2.2. Strategies for Entrapment and Attachment of methi" \kIIOIfO gen orr] Clytocrﬁm?ﬁ'm?d'a-te?_'%pr%ducno?l
Hydrogenases at Electrodes or uptake from whole cells oD. vulgaris Hildenborough

trapped close to a glassy carbon electrode. Little information

A freshly polished PGE disc electrode is excellent for has been deduced from such experiments beyond the fact
studying hydrogenase reactions under controlled conditions, that currents> 50 uA cm~2 can be achieved for either,H
but electrodes with a much larger surface area, possibly uptake or productiof? Lojou et al. have also demonstrated
porous, are desirable for technological applications such asH, oxidation at electrodes modified with clay films that
fuel cells. The importance of scaling up and achieving long- incorporate [FeFe]-hydrogenase frdm wulgaris Hilden-
lived electrocatalysis requires the development of strategiesborough and either its physiological redox partner (a poly-
for attaching the enzymes firmly to the electrode rather than heme cytochromes) or methyl viologer?” Although they
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attribute a single reversible, noncatalytic electron-transfer Although PGE is an excellent material for adsorbing proteins,
peak observed at about0.3 V vs SHE in the absence of it is not an ideal electrode for potential step experiments
mediator, under b to direct electron transfer between because the high charging currents with long time constants
hydrogenase and the electrddet is difficult to see how mask reactions that occur within time scales of abou#®5%.
nonturnover signals can be associated with intact, active The ability to achieve both potential and time resolution
hydrogenase if catalysis is not observed simultaneously. is crucial in the analysis of complex interconversions because
Miyake and co-workers have described a method for it allows the detection of thermodynamically unstable states
preparing a LangmuirBlodgett film of hydrogenase on an  and key aspects in the determination of mechanism, including
indium tin oxide electrode by compression of an enzyme the order of events. An example is the well-known electro-
layer at the interface of air and aqueous buffé¥.The film chemical concept of an “EC” reaction: this is a sequence in
of T. roseopersicingNiFe]-hydrogenase showed electro- which a chemical (C) step is preceded by an electrochemical
chemical H evolution at—0.55 V only in the presence of (E) step, and it is easily diagnosed by voltammetric meth-
methyl viologen, which is presumably acting as a mediator. ods? Good examples of EC reactions are activation of Ready
In addition to physical entrapment, strategies are being (section 6.2) and Unready (section 7.1.1) states of [NiFe]-
sought for covalent attachment of hydrogenases to thehydrogenases.
electrode surface. Although there are numerous methods for
attaching proteins to surfaces, it is important for electron- 4.2, What Does Protein Film Voltammetry Reveal?
transport enzymes such as hydrogenases that the coupling - : .
establishes a close contact between the electrode surface andI The essence of protein film voltammetry in studies of

the electron entry/exit site: for a hydrogenase, this would €l€ctron-transport enzymes lies in the ability to control and
involve attachment close to the “distal” FeS cluster. that Mmeasure catalytic electron flow simultaneously and to link

furthest from the active site. A method for attachment of this catalytic activity to different components and properties
amine functionalities onto carbon electrodes reported earlier©f the €énzyme. Importantly, the current (usually denoted by
by Savant and co-workers was adapted by De Lacey and & lower case) is dlrectly. proportional to the rate of catalync
co-workers for covalently attachir@. gigas[NiFe]-hydro-  €lectron flow (usually given by a lower cakp By scanning
genase, probably via glutamic acid side chains, to 4-amino ©F stepping the electrode potential, the rates and direction
phenyl groups introduced onto the graphite electfde. of electron flow_ can be changed, and s_pecmc sites in the
Stability was good (90% activity remaining after 1 week at €Nzyme can be interconverted between different redox states,
1 bar B and room temperature) and probably better than not only modulating catalytic rates but also inducing activa-

would be observed for enzyme in solution under these tion, inactivation, or greater susceptibility to attack by
conditions. As with direct adsorption of enzyme onto PGE [nhibitors. It is normal practice in any kinetic study to test
electrodes, some enzyme molecules are probably orientated® ffect of varying conditions (such as pH): in a voltam-
incorrectly for electron transfer and thus do not contribute Metry experiment, it is quite easy to distinguish between a

to the electrochemical response. Further, hydroxylamine Change in catalytic rate that is due to an interesting kinetic
groups in the linker give redox peaks ardud V vs SHE factor and a change th_a; is simply a consequence of varying
which convolute the high potential region of the voltammo- the thermodynamic driving force. _ .
gram where interesting inactivation reactions of the enzyme Figure 11 shows a conceptual model for interpreting the
occur (see section 6). protein film voltammetry of an enzynfeln this model,
Strategies for covalent attachment of hydrogenases in catalytic electron flow is divided into three stages, analogous
electroactive conformations need to be developed further if {0 @ series of resistore, Qca, and Quans that express
hydrogenase-modified electrodes are to be employed adnherent barriers to interfacial electron transfer, enzyme

robust electrodes for fuel cells opidroduction applications. ~ catalysis, and substrate mass transport, respectively. The
capability of the series for fast electron flow is better

4. The Study of Enzymes by Protein Film

Voltammetry bulk solution
] SUBSTRATES
4.1. How Reactions Are Induced by the Electrode reactants/products Q
1 trans
Potential
The direction of catalysis (i.e. whethen k$ oxidized or T
evolved) is dictated by the electrode potential in accordance MECHANISM Bl active site
with the Nernst equation (eq 2B). The relative activities in A ! Qcat
either direction depend on the inherent bias of the enzyme S
. . . . . regulation relay centers
itself, which may relate to the perceived physiological role
of a particular hydrogenase with respect te ¢kidation 3

(uptake) or H evolution. At a finer level, the electrode Q
potential is also an essential control factor in the transforma- py EcTrRODE -::- £
tions between the states of hydrogenase that are shown ir

Figure 6. The other factors are those familiar in conventional :
solution studies, i.e., pH, variations in gas atmosphere, electrons

temperature, introduction of inhibitors, and variations in light Figure 11. Catalytic electron flow through an enzyme on an

- . . . electrode in which the possible rate-determining stages are repre-
conditions. The electrode potential can be varied as a III’"':'arsented by resistors in series. The electron entry/exit site is the lower

potential sweep, a modulated potential sweep, or one or More€yne of the relay centers indicated as circles. Reprinted and adapted
potential steps (measuring the current as a function of time with permission from ref 5a. Copyright 2003 American Chemical
at a constant potential is known as chronoamperometry). Society.
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represented in terms of the conductanee=(1/Q2). The total
conductancei is given by 1bi = 1/og + 1loca + Loyans
where, in the language of enzyme kinefitmdividual 1

values express the respective electron transit times for each

stage. ldeally, the currenpotential characteristics should
reflect the inherent properties of the enzynmg,j and not
interfacial (electrodeenzyme) electron transfer or mass
transport of substrate; thusg and ovans Should be as large
as possible.

In the first instancege (reflecting the ease of interfacial
electron transfer) is related to the standard eleatsahange
constanko, which depends on the location of electron relay
centers in the enzyme and how effectively at least one of

Vincent et al.

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

1

ilim(w) lim

1

14
0.62n FAD2/3,V*1/6601/2C

(6)

whereiiim() is the limiting (plateau) current at rotation rate
o (see below; for example, Figure 15Ay), is the maximum
limiting current achieved at infinite rotation rate, and the
other terms have been defined earlier. Although is
normally obtained from the intercept of a plot ofiik(.)
against 1172, it is often possible to obtain an approximation
by using a rotation rate above which the current and

these centers (the electron entry/exit site) makes electronicy 4veform no longer change significantly when is in-
contact with the electrode surface. For a hydrogenase, wegreased. As mentioned earlier, mass transport control is

would expect the electron entry/exit site to be the distakHron
sulfur cluster. The actual rate of interfacial electron transfer
ke is related tdko, and for reasonably small potential ranges,
ke is expected to increase exponentially with overpotential
(the electrochemical driving forc= — E°'|) according to
egs 3A and 3B, which are for oxidation and reduction
reactions, respectively.

ke(ox) = k, exp{ anf(E — E*')}
ke(red)= k, exp{ —(1 — o)nf(E — E*')}

In these equation$,= F/RTanda is known as the transfer
coefficient (a typical value is 0.5). Ideally (but see latég),

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 expressicn
nFKCA (whereA is the electrode surface area ands the

(3A)
(3B)

removed entirely if a microelectrode<{ um 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 oe andoyans™ 0cay 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

electroactive coverage of enzyme molecules), we obtain anenzyme as one of a series of resistors. The enzyme itself

equation for the net current (the Butievolmer equation)
expected for any potential valle

ig = i[exp{anf(E — E*)} —
exp{ —(1 — a)nf(E — E*')}] (4)

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

For optimizingoyans We exploit the fact that transport of

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, tharentis 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, gbeential at

substrate to the enzyme as well as product dispersion canwhich catalysis occursusually the steepest part of the climb

be controlled hydrodynamically by rotating the electrode at

in activity—reflects the identity of the electrochemical

high speeds. The current at a planar rotating disc electrode“control center”. The electrochemical control center is unique

is given by the Levich equation (eq 5),

i,y = 0.6MFAD" %" ?C (5)
whereD is the diffusion coefficient of the substrate (note
that D-values are very large for Hand HY), v is the
kinematic viscosity of the solveny is the electrode rotation

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

rate,C is the concentration of the substrate, and other termselectron transfer. This could occur when a conformational
have already been defined. Quite simply, the current increaseshange is required to facilitate long-range electron trari&fer.
as the square root of the electrode rotation rate, and this isThe control center is then one of the relay sites (such as a

seen later in Figure 20B. Eventually, the conductance
componentyansWill cease to control the current. Depending
on the activity of the enzyme, the linear relationship between

heme or Fe-S cluster), so that details of the catalytic action
further up the line are not revealetivhen interfacial electron
transfer is rate determining, the voltammogram may not

the current and the square root of the electrode rotation ratereveal a clearly defined potential for the control center, and

(w¥?) predicted by the Levich equation (eq 5) breaks down

this is frequently the case for hydrogenases because they have

asw continues to increase and control passes to the enzymeparticularly high activity.
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A. Fast mass A
A transport 4 Introduce inhibitor or
f/t fast fast fast r change electron donor
das c
= Rate determining S l new slope
A g gives new
= .
o catalytic rate
g e \ § slope gives
Control centre catalytic rate
B Potential of the >
: control centre Time
= B _—
= N Introduce inhibitor or
uJ .
E T §tep .the potential to
6 © inactivate enzyme
2
s
- < slope gives
Potential (E) ;’ kinetics of
Figure 12. Concept of the electrochemical control center in an = transformation
enzyme. (A) The control center is the last site up to which electron 5
transfers from the electrode are fast and reversible; in this case it :t, )
is the active site. Note that the rate-determining step occurs O Tnew catalytic rate |

downstream of the control center. (B) An ideal voltammogram in .

which the half-wave potential is defined by the electrochemical Time

properties of the control center and the limiting current is Figure 13. Comparison of how catalytic rate and changes in
proportional to the rate of the rate-determining step, as given by catalytic rate are displayed in (A) conventional solution assays and
eq 7. (B) voltammetric measurements.

_The advantage of being able to observe the catalytic ratecenters such as Fe clusters for which titrations with and
directly is that any change in activity is immediately jthout substrate may yield the same values. Potentiometric
observable. The rate at which this change occurs in responsgitrations of hydrogenases are particularly problematic be-
to a stimulus such as a potential step or injection of an cayse HO is the source of substrate: application of
inhibitor (i.e. the kinetics of the transformation) is directly - gyfficiently negative potentials should thus result in catalytic
obtained from the currentime trace. This is illustrated in —,rover, and equilibrium cannot be achieved. In other words,
Figure 13, which compares how a change in catalytic an enzyme that is active insHproduction cannot be titrated
turnover rate following a perturbation is observed in a pejow the potential at which Hshould be formee-any
conventional experiment as opposed to an electrochemicaliegyits contradicting this are likely to have stemmed from
experiment. In the latter case, the two levels of activity are jnactive or damaged enzyme. Consider also the activation
clearly distinguished and the kinetics of interconversion are of 5 hydrogenase measured by reductive potentiometric

easily measured. titration. If H, binds rapidly but only to a reduced active

. . . state, then the potential at which the site is reduced must be
44 D|fferences between Chal’aC'[el‘IStIC POtentIa| raised, and when nod—is present, the value must be different.
Values Measured by Potentiometry and by
Catalytic Voltammetry 5. Electrocatalytic Activity of Hydrogenases

Should we expect voltammetric and potentiometric meth-  We now consider PFV applied to hydrogenases, focusing
ods to give the same values for a reduction potential? Thereon studies that have revealed details of catalytic constants,
are different ways of looking at this issue. First, consider an activity, inactivation/reactivation, inhibition, or applications.
electron-transport enzyme which contains (i) a redox active Few hydrogenases have been isolated and purified, and the
catalytic site, at which the substrate is bound and trans-[NiFe]-enzymes fromAllochromatium vinosum (MBH),
formed, and (ii) one or more relay centers to mediate long- Desulfaibrio fructosaorans andD. vulgaris and theD.
range electron transfer between the protein surface and thedesulfuricangFeFe]-hydrogenase have become particularly
catalytic site. The redox properties of centers in these important test systems for the reactions of hydrogenases as
enzymes have traditionally been measured by potentiometricdetermined through electrochemical measurements. The
methods, but whereas the relay centers have simple redoxactive and inactive states depicted in Figure 6 apply to these
chemistry (they cycle between two states simply differing systems, and also the crystallographically characterixed
by one electron), the catalytic site cycles through complex gigas [NiFe]-hydrogenase anc€lostridium pasteurianum
states, including those with bound substrate and short-lived[FeFe]-hydrogenase I. In the following sections, we describe
intermediates. Therefore, it is important to question the how the interconversions of these hydrogenases are revealed
meaning of a reduction potential for such a catalytic site that in electrochemical experiments and what has been learnt
is measured by potentiometry, usually in the absence of thethrough PFV studies on hydrogenases that are not yet
substrate. It is obvious that if the enzyme is active, the structurally characterized.
substrate will be transformed, and no equilibrium can be In defining the electroactivity of hydrogenases, it is helpful
established. This is probably not true for electron relay to distinguish between thaherentactivity of the active site
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and theoverall activity of the enzyme-modified electrode, A 4007
which depends additionally on the rate of electron transfer
to and from the redox partner, which in this case is the 200y

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 -200¢
using a rotating disk electrode. The inherent activity is related

l 1x ;3Fe-4sr’
2 x [4Fe-4ST

il nA

; ; : . . -400}
directly to the maximumcatalytic current obtained in an 06 04 02 00 02 o4
experiment at saturating substrate concentration, according B E/V vs SHE

toeq 7. 40f ' ‘ '

kCat = ilim/n FAC (7)

wherek. is the turnover frequency of the enzymg, is
the maximum catalytic current attainable in an experiment
(i.e. when mass transport is not limiting),is the coverage
of electroactive enzyme, and other terms have been defined 406 04 02 00 02 o4
previously. EIV vs SHE

In order to determindc,, it is necessary to determirig Figure 14. Non-turnover signals for a film oA. vinosum[NiFe]-
and this depends on the ability to detaohturnaser signals MBH on a PGE electrode (0.03 &runder a N atmosphere: (A)
by performing cyclic voltammetry experiments under condi- raw data; (B) baseline-subtracted data. Conditions’CQ CO-
tions where no catalysis is occurring. The early electro- Saturated buffer, pH 7, scan rate0.1 V s . Recent data (ref 99)
chemical studies of hydrogenases discussed in section 3.2.faseOI on experiments reported in ref 75,
showed that these enzymes have high electroactivity and
bidirectional catalytic activity, but they provided no detailed  \ye should emphasize here that althodgis required in
information beyond thig?7477It was difficult to know how order to calculate “per enzyme” activitiek.{) using eq 7,
many enzyme molecules are actually involved in the it js ynnecessary for interpreting most aspects of the
catalysis, and this emphasizes the need to distinguish betweeR|qcirocatalytic properties of enzymes on electrodes. The high

gross coverage (which is usually based on how much enzyme,qiyity of hydrogenases means that most measurements of
was applied to a surface) and electroactive coverage, whichg|ectrocatalytic behavior can be carried out with electrodes
is a measure of how many enzyme molecules are in good

electronic contact with the electrode.

baseline subtracted i/ nA
o

S . . A 17
In principle, any redox sites in hydrogenases that are < |
capable of reversible electron transfer should give rise to = 5
. . . . . ~ + 2500 rpm
reversible electrochemical signals (an oxidation peak and a 12
reduction peak) centered at the reduction potential of the site, " 1500 rpm
which do not alter upon electrode rotation. Observation of I

these nonturnover signals allows the electroactive coverage 7 1 700 rpm
of a protein to be estimated (from the areas under oxidation .

and reduction peaks), and this valdé)(can then be used I
to determine the turnover frequency of the enzyme from the 2y
catalytic current using eq 7. Nonturnover signals are observed =
quite easily for small electron-transfer proteins, such as Nt o . \2
ferredoxins, that give high electroactive coverages, but 06 03 0 03
enzymes are more difficult because their larger size limits

. : I = ) EIV vs SHE
the electroactive coverage and signals from individual sites B

may be lost among a broad envelope due to the other sites. < 130

However, nonturnover signals have been determined for 2 3500 rpm
several enzymes, including cytochromgeroxidase and two RPN fggg :32

fumarate reductases for which consistent values for the
turnover frequency have been obtaif&d® Nonturnover
signals from hydrogenases have been difficult to detect, and 60
a rare example is the [NiFe]-hydrogenase frAminosum?’

By using a low temperature (8C) to enhance adsorption,

and inhibiting catalytic electron flow with CO, reversible 25
signals appear at the potentials (expected from earlier

1barH
potentiometric studies) for the two [4Fe-4S] clusters (at . 1 \/ls;ﬁ2
approximately—0.3 V) and at higher potential for the single '1(_)0 6 03 0 0.3
[3Fe-4S] cluster (Figure 14A). The data are refined by ' ' EIV vs SHE '

substracting the baseline, using a program that fits a cubic _ ) .
spline function to the baseline in regions sufficiently far from Flguret15. Elzctéo?e rote:}:on re;&e d_ependenNc_eFof t&%’ﬂdm'on
the peak (Figure 14B). The limit of detection of such signals Cu/ént recorded for a film o. vinosum|NiFe]- on a

. . . Y rolytic graphite “edge” (PGE) electrode at (A) 0.1 bas &hd
is about -2 pmol cnm12. It is from this lower detection limit Eg) 1yt|)arg|—£olther c%ndi(tions:) 45C, pH 7. g?e)produc?id and

that the extremely high activity of some hydrogenases is adapted from ref 100, by permission of The Royal Society of
estimated. Chemistry.
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Figure 16. Examples of the appearance of the linear waveform in enzyme catalytic voltammetry. Panel A: Cyclic voltammograms showing
catalytic H oxidation byA. vinosum[NiFe]-MBH adsorbed at a PGE electrode at pH 7.0 under 1 barlhV s1, electrode rotatior=

2500 rpm, over a range of temperatures-80 °C. Panel B: Cyclic voltammograms showing catalytig dxidation under 1 bar kl and

H* reduction under 1 bar Ar fdD. fructosaorans[NiFe]-hydrogenase at a PGE electrode at pH 7.0, 10 myedectrode rotatior= 1000

rpm, 40°C. Calculated waveforms according to eq 10 for variation8dg(which expresses the dispersion of electron-transfer rates) and

on the ratiokc.{ko 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.

containing too few enzyme molecules to be detected throughproduces a good approximation for the current that would

nonturnover signals, i.es1—2 pmol cn1?. be obtained if substrate mass transfer were not limiting
. . (effectively at “infinite” rotation rate).

5.1. Ensuring the Electrochemistry Is Not This fact is demonstrated in experiments on a very active

Controlled by Transport of Substrate film of A. vinosum[NiFe]-MBH on a PGE electrode at 45

°C (Figure 15). Experiments in Figure 15A were conducted

substrate is present is generally the first provider of informa- Under 0.1 bar bland show sigmoidal voltammograms, each
tion on the electrocatalytic properties of the adsorbed '€aching a current plateai.) that increases strongly as

hydrogenase. Here we are interested to see if the electrothe rotation rate is increased.. Note that the poteqtial at which
catalytic wave shape provides information complementary the plateau is reached also increases with rotatlon rate. The
to and exceeding that obtained by conventional kinetics. As latter feature becomes more marked under 1 ha(Fgure
outlined in section 4.2, it is important to be able to rotate 15B). The current still increases with rotation rate, but
the electrode at high speed because hydrogenases are usualfectron-transfer limitations now become apparent in the
highly active and the current and wave shape will otherwise wave shape. As discussed in section 4.2, mass-transport
be controlled by mass transport of, Ho and from the control is undesirable when trying to elucidate details of
electrode. In the event of extremely high activity, the current mechanisms, but it can be alleviated by abrading the
increases with electrode rotation rate and the reciprocal  electrode with cotton woohfter forming the enzyme film

plot according to the KouteckylLevich equation (eq 6) to lower the coverage. A sparse population of enzyme

The wave shape of a cyclic voltammogram recorded when
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molecules on an electrode behaves as a microelectrode Provided mass transport is not limiting, the ideal wave
array®® This may be particularly important when studying shape for electrocatalysis by an adsorbed enzyme can be
hydrogenases at very low levels of,livhere mass transport  predicted starting from the simple model shown in Scheme
control is otherwise dominant. 1, in which a two-electron catalytic reaction occurring at the
active site with a rate constakty is preceded by two one-

. electron transfers, each with a rate that is governed by an
5.2. Effects 0]‘ Interfacial Electron Transfer on the interfacial electrochemical electron exchange rate constant
Electrocatalytic Wave Shape ko and potential&,r andEo, respectively. More realistically,

Even when substrate mass transport is not a limiting factor, these_ interconversion; are compl_igaped by coupled chemical
reactions such as acidase equilibria, but these can be

the wave shape can be difficult to interpret, and some models. ; . ST
are required. In 2002, we published a paper that proposed'dnored here in the interest of simplicity. N

an explanation for the unusual wave shape often observed AS mentioned earlier, the ButleMolmer relationship
for electrocatalysis by adsorbed enzymes, and particularly predicts an (_axponentl_al climb in rate c.:ons'gant.wnh drl\{lng
for hydrogenase¥! It had been often observed that instead force. Equation 8, derived for a catalytlc o>§|dat|on reaction,
of the catalytic current reaching a constant value at a 'S Pased upon the Butlelolmer relationship,

reasonably high overpotential, it continues to increase in a; k,

linear manner, so the current displays a “residual slope”. dm = e (1+er ) _|__a¥eUR vz 4

Some results obtained fér. vinosum[NiFe]-MBH on a PGE I Ko

electrode are shown in Figure 16A, and similar effects are -1/2 -

seen for H oxidation and H reduction catalyzed by thB. €n (Lter )} (8)
fructoso/oran.s [N|Fe]—hydrpgenase (Flgure 16BY _ whereeoy = expf(E — Eoy)] and e = expli(E — Eur)]

The experiments oA. vinosum[NiFe]-MBH shown in with f = F/RT.2°L The current in such a case should increase
Figure 16A were carried out with an electrode that had been exponentially with potential and reach a maximum vajue
abraded with cotton wool after forming the enzyme film. that is related td.s as given in eq 7.

This treatment lowers the coverage and alleviates mass- Equation 9 depicts the exponential decrease of the
transport control. As the temperature is raised from 10 to interfacial rate constark, with distanced, whereky™ is
60 °C, the catalytic activity increases dramatically, as the value at closest contact i at its minimum valu@lyi,)

expected: more significantly though, the wave shape changesyetween the electrode and the relay site closest to the protein
from sigmoidal to one that resembles an Ohmic dependencesurface (the entry/exit site for electrons in the enzyme).

almost throughout the entire potential range! Yet this is not
an Ohmic dependeneghe problem is not one of there being ko(d) = k™™ exp(—/d) Q)
a resistance to electron flow (one possibility, that ion transfer

is rate-limiting, is unlikely because variations in the ionic  Thg ghservation that a limit is not reached, at least within
composition of the electrolyte d(_) not_change the result). The {he potential range of the experiment, is considered by
linear voltammogram was explained in terms of the presence;noqucing the idea that the population of enzyme molecules

at the electrode of enzyme molecules having high catalytic s ot homogeneously coupled to the electrode. The revised
activity but adsorbednhomogeneouslywith interfacial  oqe| assumes that intramolecular electron transfer along

electron-transfer efficacy varying from facile to sluggish.  the Fes clusters is very fast, and the rate of interfacial
The explanation embodies the essence of the series resistaglectron transfer depends exponentially on the tunneling

model described earlier (Figure 11), in that the electrocata- distance between the electrode and the electron entry/exit

lytic current due to an adsorbed enzyme having an inherently site.

high catalytic turnover frequency will usually be limited by The inhomogeneity is introduced by allowidgo have a

either mass transport of substrate (equivalent to a resistancesange of valueSin t0 dmax (Gmax = Amin + do, Whered, is

Quang Or interfacial electron transfer (equivalent to a the spread of distances), all of which occur with the same

resistance(2g), but the latter is now subject to a dispersion probability. For an oxidation, the corrected catalytic current

of values and a spread of electron-transfer regésobtained. (i*) in normalized form is then given by eq 10.

A summary of the model is now presented.

i1 1, &b
Scheme 1. Model for a Two-Electron Catalytic Oxidation =41t 2d. In ——— (20)
Reaction in Which the Active Site Interconverts between lim & Bdy ™+ b,
Three Consecutive Oxidation Levels, O, I, and R, Each
Capable of Coupled Chemical Reactions Such as wherea®* and b, are given by
Protonation. Re_prlnted and Adgpted with Permission from
Ref 104. Copyright 2002 American Chemical Society %=1+ eonfl(l + e,,Rf ) (10A)
Eop E\

0 =/ I — R and

E kO E kO i pI'OductS b oX __ kcat —1/2 —1/2 _

v v v = komax[euR +eg "(1+er )] (10B)

Deprotonation and protonation steps

and

keat b, = b,™ exp(—f3d,) (10C)
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Figure 16C and D show, respectively, how the waveform processes). Sometimes the potential sweep will reveal a
depends on the functighd, (which expresses the dispersion second increase in current (a boost) after the original activity
of electron-transfer rates) and on the ratig/ko. The has appeared to reach a limiting vafliedAnother situation
dependences ofid, are computed withk.a/ko = 10, and that may arise is that the population of adsorbed enzymes is

dependences okafko are computed withidy = 10. inhomogeneous with regard to inherent catalytic properties
With some simplifying assumptions, includifg, = Er, such as characteristic reduction potentials of active sites.

the wave shape in the linear part of the voltammogram is Unlike inhomogeneity in interfacial electron-transfer rates,

approximated by eq 11: an inherent inhomogeneity in the entire sample of enzyme

can be detected spectroscopically.

P e By Heat (11) :
i Ado|2 ) k" 5.3. Catalytic Constants
Two criticisms can be directed toward catalytic cycles that
and the slope in this region is have been proposed for hydrogenases. The first of these is
] that, understandably, the species presented are predominantly,
9i* lim F and often exclusively, those that live long enough to be
9E ﬂ_do 2RT (12) characterized. However, from kinetic studies, it is clear that

hydrogenases are extremely active enzymes, kyithalues
ranging from hundreds$to upward of 10,0008.7510As

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 H
evolution is usually written as the reverse of ékidation.

The principle of microscopic reversibility will apply between
each pair of states on a cycle, litferentcycles 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 appliet’. Consequently, instead of a single
cycle involving the detected active species shown in Figure
6, a more appropriate model for,Hevolution and H
oxidation could involve separate catalytic cycles, each with

Arrhenius plot in which the slope is equal +E4R (where transient intermediate species that are likely to escape direct
E.is the activation energy). (Note that Figure 16C does not SPECIroscopic detection. An important factor in enzyme
convey this fact easily because the current is normalized with aCtive-site structures, and hydrogenases in particular, is that

respect to a constant valueigf.) Processing the data shown H-atoms are not located by X-rays and have only been
in Figure 16A in this way gave an activation energy of pinpointed when their nuclear spin has become involved with

approximately 50 kJ mol for electrocatalytic Hoxidation & unpaired electron (see Review by W. Lubitz in this Issue).
by A. vinosum[NiFe]-MBH.°! It is important to note also Thus, i or H'/H™ could be bound in certain states of the

that the unconventional shape of the voltammogram (reflect- €Zyme without this being apparent from structural or
ing a dispersion of the response of enzyme molecules in their SPECtroscopic studies, but their participation can be inferred
overall rates of catalytic Hoxidation or production) does oM voltammetric experiments through the changes in

not seriously limit the usefulness of the electrochemical Characteristic potentials with pH andHz). .
approach. The Michaelis-Menten equation as it applies to solution

There are other variations in wave shape. One common?@SSays iS expressed in eq 13, in whichy [E]he total enzyme
observation is that, instead of reaching a limiting plateau as concentration and [S] is the substrate concentration. The

the potential is scanned, the catalytic current reaches a pealf""t""lytiC rate at saturating substrate concentratiGx =
and then decreasés?>19By rotating the electrode, it can OFcat:

Analogous equations can be derived for an electrocatalytic
reduction. The model thus predicts that a “classical” sig-
moidal waveform will be expected whég/ks is small (i.e.,
interfacial electron transfer is fast compared to turnover
frequency and there is no dispersigid{= 0)). The “Ohmic”
behavior results from electrocatalysis by enzyme molecules
that have low values fok, 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 logdi/dE x T against 1T is equivalent to an

be shown that this peak is not due to substrate depletion. [SIE] ok,
This kind of behavior can arise in several situations relevant v = 0"cat (13)
to unraveling the complex interconversions of hydrogenases Ky 1 [S]

(Figure 6). One situation is that the enzyme converts to an

inactive form as the potential is changed (see section 6). The basic catalytic constanks, andk.,; are not easy to
Another scenario is that the enzyme has an optimal operatingmeasure for hydrogenases either by conventional solution
potential, so that applying too large a driving force results assays or by electrochemistry. It is important to note that
in lower activity. This can arise when the catalytic mecha- rates may be controlled by substrate binding and a Briggs
nism involves a particular oxidation level of the active site Haldane model may be more appropri¢ftBlonetheless, the
that must survive for a sufficient period of time to allow an Michaelis—-Menten equation has at least empirical value.
essential event to occur, such as substrate binding (note her&/alues ofKy for hydrogenases tend to be low, and the very
that this also means that the rate of electron flow along an high activities of the enzymes may mean that a true “initial
intramolecular relay can keo fastand evolution could have  rate” (v) prior to depletion of substrate is difficult to measure
adjusted the potentials of the relay centers in order to in solution assays and a true limiting current (at “infinite”
synchronize the rates of electron flow and active site rotation rate) is difficult to measure electrochemi-
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- " 107 e T dropped to approacKy does the current start to decrease,

E finally leveling off as the His removed completely. As it
is flushed out of solution, the Atoncentration 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). Herej(t) is the current at timé, analogous
to v for any given substrate concentration, dpgk is the
current at saturating substrate concentration, analogous to
Vmax The concentration of Hat timet, Cy,(t), is given by
Cu,(0) exp(t/t), whereCy,(0) is the initial concentration
of H; introduced into the cell solution, andis the time
constant for removal of Hin the Ar flow. Whereas
determination ofKy from solution assays relies upon
measurement of initial rates’)( 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 loWy, since it may

t (S) not be possible to rotate rapidly enough at lowddncentra-
tions to avoid the limitation from Hmass transport.

200 |

i (NA)

KCidO)

0 50 100 [150

100 |

AT

Figure 17. Catalytic, sigmoidal transient current fop ldxidation
by D. fructosaorans [NiFe]-hydrogenase following injection of

an aliquot of H-saturated solution to give approximately 0.64 mM i(t) = 'max (14)
in the electrochemical cell solution that is continually flushed with Kwu

Ar. Other conditions: pH 6.1E = —160 mV, 40°C, rotation rate 1+ expt/7)

= 2000 rpm,r = 18 s. Dotted line: residual, enlargedlO, after CHZ(O)

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. i max K t
Reprinted with permission from ref 66. Copyright 2004 American logo| = — 1| = log, +-— (14A)
Chemical Society. i(t) CHZ(O) 2.3

cally. Equally, as we have just discussed, determirking
requires knowledge of the electroactive coverage of the g yansform. From several experiments (these could be
enzyme, which may be too lO\.N to_detect. The activities of carried out consecutively on the same enzyme filnigdre
hydrogenases can approach dlffu3|on_contr_ol,_}émd'alues obtainedKy = (6.5+ 3) x 10-2 bar (approximately &M)

may be much larger thaiis, the true dissociation constant ¢, 5t ctosaorans [NiFe]-hydrogenase. From conven-

for t,he enzyme substrate compleX. tional methodsKy values for [NiFe]-hydrogenases lie in
Léger and co-workers have reported a novel method t0 o proad range 0.67L1 uM.

measure the Michaelis and inhibition constants of hydroge- Reference to Figure 1 shows that tEH*/H,) potential
nases for Hand other gaseous reactants. The electroche_mlc_alsh”;ts 90 mV more positive when the concentration efid
cell is open to the glovebox atmosphere, and the solution IS |owered from 1 mM to 1uM. For an experiment at fixed
apa.‘fged tW.'th a carnelg_gas (?Rlnzrt ga?l such @c?[er\r, or . electrode potential or solution redox potential, this corre-
2in certain cases) (Figure 7A). A small amount of reactive sponds to a lowering of the driving force for,lexidation
gas is introduced, typically by injecting an aliquot of solution by 90 mV. This would be important in experiments carried

of known concentration, and the gas is then flushed out in o ¢ 5 1o\ overpotential but not in cases where the driving
the stream of carrier gas. The principle of the experiment is ¢, o g always enough to ensure that the current remains
that this efflux provides a continuous range of concentrations plateau
of the reactive gas over which to measure the catalytic An alternative, but more laborious, method for determining
current. The system was checked by monitoring the reduction Ky is to calculateim (from a Koutecky-Levich plot

H H T im 1
of O, at a bare PGE electrode, from Wh'C.h It was confirmed, requiring current data at a number of different rotation rates)
by measurements of current as a function of time, that the /0~ range of constantl¢oncentrations. Film loss from
concentration of introduced gas{@ecreases exponentially the electrode during the extended time taken for the series

with a reproducible time constant)( provided the rate of \t% o rate steps and gas exchanges may render this
gas flow and the electrode rotation rate are kept ConStant'approach impractical.

Figure 17 shows an experiment designed to measuyre
for the [NiFe]-hydrogenase frorD. fructosaorans The o
enzyme is adsorbed on a PGE electrode which is placed in5'4' Dependence of Activity on pH
the electrochemical cell containing buffer at pH 6.1 and Conventional kinetic assay methods using a chemical
rotated at 2000 rprff The electrode potential was set at electron acceptor such as methyl viologen or methylene blue
—160 mV, and then kHwas injected and the oxidation current show that H oxidation is faster at high pH, and it might be
was monitored as the Hvas flushed from the solution with  assumed that this reflects an inherent property of the enzyme.
a flow of Ar. The trace is sigmoidal because at early times This notion in fact dates back from early days of hydrogenase
the level of H is well above the concentration required to research. That this is not always the case and may indeed
saturate the enzyme>Ky) and removal of H does not be a deception is shown in an electrochemical study of how
initially attenuate the current. Only once the level has the rates of Hevolution and oxidation b. zinosum[NiFe]-

The value oKy is determined from thg-intercept of the
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MBH depend on pH% 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 H
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 fror. fructosaorans(Figure 18B)%°

In both these cases, the voltammogram for téduction
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 oxidaAt8 are indicated in Figure 18A.
Their inclusion emphasizes the point that the lower H
oxidation activity at lower pH observed for the [NiFe]-
hydrogenases reflects only the additional driving force that
is required. Thermodynamically,.tk oxidized more easily
at high pH. However, the fbxidation activity of the [FeFe]-
hydrogenase fronD. desulfuricansclearly increases with
pH (Figure 18CY! 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 raisegtwe return to this in section 6.

The results of a detailed analysis of the pH dependence
of the catalytic activity of H oxidation and H reduction
by A. vinosum[NiFe]-MBH are compiled in Figure 1%*

The plot shows rotation-rate-optimized currenrts< ) that
are normalized with respect to values1(.0) at pH 6.6E =
—560 mV (H reduction) and at pH 7.& = 240 mV (K
oxidation). The lack of dependence of oxidation activity on
pH has already been mentioned; data for Heduction
activity were analyzed in terms of a model involving three
protonated reduced states, two of which (witht2hd 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, H evolution and H oxidation involve different
species and different catalytic cycles. They differ in that
oxidation of H always involves species in which there is
always at least one extra H present. Note that O
equivalent to R:2H.

Evolution of H, by A. vinosum[NiFe]-MBH is inhibited
by H,, and this is also evident from the rotation rate
dependence of theHreduction current (data not showAS}.
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Figure 18. Effect of pH on the activity of hydrogenases. Panel A:
voltammograms recorded at 200 mv:sl bar H, 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

The current increases as the rotation rate is increased due t@nd 20ug mL~* polymyxin. Reprinted with permission from ref

removal of H from the electrode surface.

Analysis of the data shows that the potentialg andEr
are not sensitive to the presence of End this leads to the
proposal that all the species involved in bkidation bind
an H molecule in all oxidation staté8? The two-cycle
scheme predicts that *Hreduction activity is suppressed
when H binds to the active site because the enzyme switches
to H, oxidation, although this suggestion is not obviously
correlated with the simple proposal given in Figure 6A, in
which only three active statedNi-SI, Ni-C, and Ni-R—are
included. A tentative assignment is that “b'Hs likely to

104. Copyright 2002 American Chemical Society. Panel B: vol-
tammograms recorded at 20 mvlsand 40°C for a film of D.
fructosaorans[NiFe]-hydrogenase transferred between pH 6 (solid
lines) and 4.1 (dashed lines) buffer flushed with eitheloHAr as
indicated. Reprinted with permission from ref 66. Copyright 2004
American Chemical Society. Panel C: voltammograms Bor
desulfuricangFeFe]-hydrogenase recorded at 10 mV, sinder 1

bar H, 10 °C. In each case, the enzyme is adsorbed on a PGE
electrode that is rotated at 2008500 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 viologer-446 to—326 mV) and
methylene blue (12131 mV)105
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An investigation to compare the oxidation activities of a
[NiFe]-hydrogenase and a Pt electrode under ambient condi-
H. oxidation tions was published in ZQOLQEJ The experiment involved
P 21119111-3- _____ i forming a high-coverage film oA. umosu_m_[l_\hFe]-MBH _

o | 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 H,PtCk. The limiting currents were of the same
magnitude and diffusion-controlled up to 2500 rpm in all
cases. The main difference was that raising theldvel
3 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
is essentially independent of pH, and activity is fixed at 1.6 at (section 5.2). Attaining the highest current requires contribu-

240 mV, pH= 7.3. The line through the Hreduction data is a fit ~ tions from enzyme molecules that are not well coupled to
to equations derived for the model shown in Scheme 2, in which the electrode, and therefore, an increasingly higher driving

H' reduction

normalized activity

-
o
L

Figure 19. Relative pH dependences of the rates dfrdduction
(solid symbols) and Hoxidation (open symbols) bj. vinosum
[NiFe]-MBH adsorbed on a PGE electrode. Thgd#idation rate

H, is released from species R:2tbr R:3H", and activity is
normalized to the value obtained at pH 6B,= —560 mV.

Reprinted with permission from ref 104. Copyright 2002 American

force is required to engage them. A similar result was
obtained in 2005 by Karyakin and co-workers, who compared

Chemical Society. A NI'E . .
Scheme 2. Scheme of Reactions Involved BeparateCycles @ 209 o 'Pt-Vulcan, . *
for H, Production and H, Oxidation by a < - 900 rpm .
[NiFe]-hydrogenase. Reprinted with Permission from Ref g 1.54 _-' o
104. Copyright 2002 American Chemical Society } : .’
o Eon | Eim o % 101 : o * D. baculatum
a : . [NiFeSe]-hydrogenase
e ﬂ Ko ”K- ” k= Hydrogen 2 Py on carbon filaments, H,
. | .
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be at the oxidation level of Ni-C; however, there is strong = hydrogenase on graphite
evidence (from EPR) that only Ni-C and Ni-R are in rapid 5 0 1
equilibrium with each othe¥ The results suggest how © 9 30 60

difficult it is to assign oxidation levels where species may
differ not only in protonation state but also in having an
elusive H bound or not bound.

5.5. Activity Comparison of Hydrogenases with Pt

Activation of H, on precious metal (M) surfaces involves
homolytic cleavage of the HH bond and formation of
neighboring M-H bonds!% Platinum catalysts used in
proton exchange membrane (PEM) fuel cells usually operat
in a humidified gaseous environment rather than in solution
at temperatures close to 10Q,°” whereas hydrogenases
function in an ambient agueous medium and are therefor
limited by the solubility of H (ca. 1 mM).

(Rotation rate)*s/ rpm®>

Figure 20. Comparing the Kl 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 wibesulfomicrobium
baculatumNiFeSe]-hydrogenase (stationary, but withi#ibbling
to assist mass transport), showing the electrode potential (driving
force) required to attain maximum activity. Reproduced with
epermission from ref 82. Copyright the Biochemical Society. Panel
B: Levich plot (see eq 5) comparing the limiting curreritg,)
' achieved for 1 bar K 45°C, pH 7, at platinized graphite, platinized
gold, or a PGE electrode modified with vinosum[NiFe]-MBH.
€Reproduced from ref 100 by permission of The Royal Society of
Chemistry.
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potential) is plotted against the energy of the-M bond.

The principle here is that the rate of oxidation of dtepends

on the thermodynamic ease of formation of an-M 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 abou#0cm=2,
although a recent appraisal has suggested that this value could
be as high as about 1 A ch!110 A “lean”, efficient
(economically speaking) Pt electrode has a coveragelot

mg cn12,1%7 equivalent to 10° mol atom Pt per c/ and

we thus arrive at a range of about 6100 s? for the
turnover frequency of a Pt “active site”. The equivalent

-Log i /A cm™2
W
{

7+ . . .
quantity for the enzyme is not easy to estimate, but one
option is to consider the rate of,fD* exchange catalyzed

0 at the active site, as measured by mass spectrometry: values

> 100 st are obtained!! 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-10 A cn1? at overpoten-
tials of around 0.4 V. By comparison, a PGE electrode
modified with A. vinosum[NiFe]-MBH can produce about

M-H bond energy / keal M-!

Figure 21. Volcano plot of the exchange current density (shown Py o . .
as logio) obtained for H/H* interconversion at various transiton 54 MA cnT* at 45°C at an overpotential ranging from

metals as a function of the meteatydrogen atom (M-H) bond 0.4t0 0.6 V. For a hydrogenase coverage of'2nol cnm?,
strength ©). The exchange current density for Pt is likely to be an this means that the activity per active site lies in the same

underestimate, and this is indicated by the vertical arrow and the range as that of the equivalent PtPt site, as included in Figure
uppermost point marked. 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- 5 6. Catalytic Bias: H , Oxidation vs H *
tion: Intuition, Art, Science” 17391747, Copyright 1994, with Reduction

permission from Elsevier.

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

tion) with the current density reported for a rotating disc varied continuously over the widest possible range either side

Pt/vulcan electrod® These results are included in Figure of the formal potent.ial fpr the su.bstrate. The cyclic volta-
20. mmograms shown in Figure 22 illustrate different aspects

A practical comparison based on activity per electrode area®' the catalytic bias of hydrogenases that can be deduced
is unreasonable, because the footprint of a hydrogenasd’om electrochemical experiments performed at 1 bar H
molecule on a surface is several orders of magnitude largerunder anaerobic conditiorf$The [FeFe]-hydrogenase from
than the area of a pair of Pt atoms, and in any case, theD- desulfuricanss an active catalyst for bothzproduction
currents are usually diffusion controlled. From a fundamental and oxidation undea 1 bar H atmosphere, although as noted
viewpoint, it is therefore more informative to compare site- earlier and as will be discussed in section 6, it inactivates
for-site activities. The catalytic activities of transition metals rapidly at high potential, producing a complex waveform.
are often represented by Volcano Plots (Figure'®1°For The value of the potential of zero net current (averaged for
H, oxidation at an electrode, the exchange current densitythe forward and reverse scans) corresponds to the formal
(the rate of flow of electrons back and forth at the reversible reduction potential of the HH, couple expected under these

the current density obtained for a carbon filament electrode
on which was adsorbedesulfomicrobium baculatum
[NiFeSe]-hydrogenase (with bubbling through the solu-

A B C
Dd [FeFe] hydrogenase, 200 mV/s Av [NiFe] MBH, 500 mV/s Re [NiFe]-MBH, 100 mV s
20 20 6 ’
15 F |
15 5
10 4k
< 5 | , /H . . < 10 | <3}
=Y , Oxidation Y -
20— < 5} z2r
S / ; N
a0 k H* reduction 0 p— 0 .
_15 1 1 1 1 -5 1 1 1 1 -1 L 1 1 1 1
06 -04 -02 00 02 -06 -04 -02 00 02 04 -06 -04 -02 00 02 04
E |V vs SHE E |V vs SHE E |V vs SHE

Figure 22. Cyclic voltammograms for a PGE electrode modified with (A)desulfuricangDd) [FeFe]-hydrogenase, (B). vinosum(Av)
[NiFe]-MBH, and (C)Ralstonia eutroph&Ré [NiFe]-MBH (black lines). Blank electrode scans are shown in gray. Scan rates are indicated
on each panel. Other conditions: pH 6.0,°80) electrode rotation 2500 rpm. Dashed lines indicate the potential of thd,tdouple under
these conditions. Reprinted with permission from ref 76. Copyright 2005 American Chemical Society.
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conditions (360 mV at pH 6, 3C°C, 1 bar H, marked by A
a dashed vertical line in Figure 22).

In contrast toD. desulfuricangFeFe]-hydrogenase, the
results depicted for the [NiFe] enzymes show very low or
zero H' reduction activity under k This is mainly due to
inhibition of this reaction by Kt significant H" reduction
currents are observed under an inestdtmosphere for the
D. fructosaorans[NiFe]-hydrogenase (Figure 18B) and the
A. vinosum|[NiFe]-MBH, and a small current is observed
for the Ralstonia eutrophgNiFe]-MBH. Electrode rotation 2t 10 °C
is particularly important here in removing the product)H
from the solution close to the electrode in order to relieve 0 . i : " : i
product inhibition. Studies of Hreduction byA. vinosum 0 1000 2000 3000 4000 5000 6000
[NiFe]-MBH under N, showed clearly that the catalytic Time (s)
current increases as the rotation rate is increased and, further, H
that this effect was not altered by increasing the buffer B :
concentration (arguing against an interpretation that the l D, H
current increase is due to relief of ldepletion)!®* Léger et 50 ¢ l : D, H,
al. have estimated the constaldt, for H, inhibition of H* I
reduction by D. fructosaorans [NiFe]-hydrogenase as 40
approximately 0.2 bar (i.e. approximately 0.2 mM) {860
mV, pH 6, 40°C).%¢ Note how high this is compared
for H, oxidation by the same enzyme: 653 x 1072 bar, 20}
measured at-160 mV, pH 6, 40°C %6 Rapid rotation of the 45 oC
electrode to maintain the substrate and product concentrations 10t
at levels close to the bulk solution level is essential if
measured potentials are to have any thermodynamic rel- 0 * 3 ' 5
evance. 0 200 400 600 800 1000

The catalytic bias of some hydrogenases is also evident Time (s)
in the onset potential for Hoxidation under 1 bar i The Figure 23. Controlled potential experiment for a film #f zinosum
voltammogram foAA. vinosum[NiFe]-MBH reveals an onset  [NiFe]-MBH on a PGE electrode. The gas atmosphere above the
potential for electrocatalytic fbxidation close td&E(H/Hy), cell solution is interchanged between &hd [ at a total pressure
WhereaS, forR eutropha[N”:e]_MBH, the onset Of H of 1 bar. Panel A: At 10)C, a k_inet_iC _iSOtOpe effect of 1.55 !S
oxidation is shifted about 80 mV more positi(ﬁeThis subtle observed. Panel B: at 48, a kinetic isotope effect of 1.15 is

ffect Id not be cl tall f Ut . observed. Other conditions: electrode potential is 242 mV, mixed
etiect would not be clear at all Trom solution assays Using pffer solution at pH 6.0, and electrode rotation rate 2500 rpm.

soluble redox mediators. Protein film voltammetry thus Reproduced from ref 112 by permission of The Royal Society of
provides a simple means to assess and quantify the bias an@hemistry.

potential profile for the activity of hydrogenases.

current (HLA)

30t

current (HA)

o explained by a change in the rate-determining step as the

5.7. Rate-Determining Steps 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 (whicis expected
to show an isotope effect) becomes increasingly rate-limiting.
An analogous rate limitation (slow interfacial electron
dtransfer) might apply in conventional solution reactions when
a small electron acceptor is used. Therefore,okidation
does show an isotope effect, but this effect is obscured under
conditions in which intermolecular or interfacial electron

5.7.1. H*/D, Exchange Experiments transfer is rate-limiting.

A first stage in pinpointing a rate-determining step is the 572 Intramolecular Electron-Transfer Limitations?
H/D isotope effect, which has been reported to be very small

for H, oxidation or proton reduction but quite sizable for ~ This section considers conditions under whiotramo-
the H/D, exchange reaction. Alterations of catalytic oxida- lecular electron transfer could become rate-limiting. A

As mentioned above, the high activity of hydrogenases
makes it very difficult to establish rate-determining steps in
catalysis of H 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 fos H
oxidation by [NiFe]-hydrogenases are hundreds per secon
when measured with methylene biumit several thousand
per second when estimated by PFV.

tion current between exchanges of Bind D in the cell common feature of [NiFe]-hydrogenases is that the medial
headspace were measured far vinosum [NiFe]-MBH [3Fe-4S] cluster has a much higher reduction potential than
adsorbed on a PGE electrode over a range of temperaturedhe two [4Fe-4S] clustersi>***which makes it behave as

(Figure 23)112 an electron trap (Figure 24). In 1998, Rousset et al. described

This method allowed investigation of the isotope effect experiments on th®. fructosaorans [NiFe]-hydrogenase
on the same sample of enzyme. While a small kinetic isotope in Which the medial [3Fe-4S] cluster was mutated to a [4Fe-
effect is evident at higher temperatures/(bh = 1.15 at 45  4S] clustert'
°C), as the temperature is lowered, the isotope effect becomes The mutation produced a medial cluster with a much more
more pronounced (#D, = 1.55 at 10°C).1*? This is negative reduction potential, allowing the authors to test the
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to active site
-0.4 | Haf2HT
> [NiFe]
-:g; o [4Fe-43] [4Fe-4S]
§ o
g \ Vo2
0 [3Fe-4S]
Hy/2H* relay electrode

Figure 24. Energetics of electron flow along the 8 cluster
relay for a [NiFe]-hydrogenase on an electrode. The rate-determin-
ing uphill electron-transfer step during ldxidation k:.*) detected

for the H184G mutation repaired by imidazBkis indicated as

X.

influence of cluster reduction potentials on the catalytic \ ’ _:TQ
?hc.t'V'ty' Usm'g C%Rverét_lon?l klnet|c|'iat?sa);]s, thedact|V|ty Ofd Figure 25. Representation of the structural environment of the
IS enzyme In either direction was littie changed compared pe_g cjysters in the electron relay system in [NiFe]-hydrogenases.

to the wild type enzyme. The authors suggested thatThe data are taken from thB. gigas structure (PDB code:
intramolecular electron transfer must be so fast that the rate-1YQW).3°In the very similar hydrogenase frobn fructosaorans

determining step is one of the reactions occurring at the activemutation of histidine 184 to cysteine or alanine inactivates the
site. However, as discussed above, two further observationsenzyme. Addition of exogenous imidazole or 1-methyl imidazole
need to be considered. The first of these is that studies using® H184G repairs the connectiéf?.

protein film voltammetry showed that the rate of electro- , )

catalytic H oxidation by a [NiFe]-hydrogenas@ (vinosun) recovered to about 25% of its normal value. This recovery
is much higher than that measured using chemical electronWas attributed to imidazole being able to bind in the cavity
acceptors, suggesting that the rate-determining step increated by the histidine-glycine mutathn,_fo_rmlng a coor-
conventional solution kinetics could actually be intermo- dinate bond to the cluster and thus mimicking the actual
lecular electron transfer to the accept®rSecond, further ~ Presence of histidine.

electrochemical experiments on thevinosum{NiFe]-MBH Léger and co-workers used PFV to investigate the effects
suggested that interfacial electron transfer could be rate-of the distal cluster alterations on intra- and interfacial
limiting for many of the enzyme molecules adsorbed on a electron transfet?? As shown in Figure 26, the enzyme’s
graphite electrode surfaé®.The situation can also be viewed activity was severely affected by both H184G and H184C
from the perspective of the voltammograms shown in Figure mutations, and this is significant because it provides a very
15, section 5.2. When Hnass transport is rate-limiting, as  convincing demonstration that the distal cluster is the electron
it appears to be under 0.1 bay Bhd at rotation rates below ~ entry/exit point. The H184G mutant showed very little
2500 rpm (Figure 15A), the current plateau is reached at a €lectrocatalytic activity at all, either forbxidation or for
potential of approximately-0.3 V, which is far below that ~ H" reduction under Ar (dashed lines, Figure 26A), but

of the [3Fe-4S] cluster, at approximatehB80 mV. The [3Fe- addition of imidazole to the cell solution resulted in the
43] cluster thus maintains an adequate rate of electron flowimmediate appearance of activities in both directions (solid
that allows diffusion-controlled oxidation of 0.1 bag Bven ~ lines) which increased as imidazole was titrated in, in
when the electrode potential driving the reaction is nearly accordance with the results obtained in conventional assays.
0.3 V more negative. The H184C mutation showed severely retarded interfacial
To help resolve this issue, ber and co-workers carried ~ €lectron transfer in both directions, as can be seen from the
out experiments with mutant forms @&. fructosaorans  appearance of the voltammograms (Figure 26B) for oxidation

[NiFe]-hydrogenase in which the ligands to the distal [4Fe- of Hz and for H" reduction. Thus, at pH 6, the onset of
43] cluster were altered to perturb the thermodynamics andcatalytic oxidation current occurs aralifl V instead of-0.3
kinetics of electron-transfer reactioH8 This cluster is close ~ V as observed for native enzyme, wherea$ teduction
to the surface, and it is coordinated by three cysteine-Scommences at-0.5 V instead of-0.3 V; thus, there is a
ligands and a histidine-N (Figure 25). large window of potential in which the enzyme is inactive.
Histidine is an unusual ligand for [4Fe-4S] clusters, so Figure 26C shows that the effect of imidazole in activating
the question also arises as to why it is required in this H184G is reversed by adding a thiol, mercaptopropanol,
enzyme. When the histidine (H184) was mutated to glycine which mimics the cysteine ligation in H184C.
or cysteine, a [4Fe-4S] cluster still formed, as did the other  Further studies established an interesting difference in the
clusters and the active site which appears unchanged (asvay that imidazole repairs the enzyme depending upon
shown by EPR}% Also, the reduction potentials of the new whether H oxidation or H reduction is being address&4.
clusters were not greatly different from the wild-type enzyme. The experiments are shown in Figure 27. First, as imidazole
The H'/D; isotope exchange rate was not significantly altered is titrated into the electrochemical cell and voltammograms
for either of the mutants, H184G or H184C, but these variants are recorded for Hreduction under Ar, the potential at which
had lost nearly all of their ability (3 and 1.7% remaining, catalysis commences becomes more positive (i.e. the required
respectively) to catalyze foxidation when methyl viologen  overpotential becomes more positive) and the current mag-
or methylene blue was used as the electron acceptor. Whemitude increases with no change in the residual slope. As
the H, oxidation experiment with H184G was carried out in  discussed in section 5.2, this is indicative of an increase in
the presence of imidazole or 1-methyl imidazole, the activity the rate of interfacial electron transfég)(without any change
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Figure 26. Voltammograms foD. fructosaorans[NiFe]-hydro-
genase variants adsorbed at a PGE electrode, under an atmosphe
of H, (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%, electrode rotatior= 1000 rpm (Panel A)

or scan rate= 20 mV s'1, electrode rotatior= 2000 rpm (Panels

B and C). The temperature is 4C in all cases. Reprinted with
permission from ref 102. Copyright 2006 American Chemical
Society.

in keaf®® (the turnover frequency for H reduction). In
contrast, for H oxidation (Figure 27B), raising the imidazole

Vincent et al.
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Figure 27. Effect of exogenous imidazole (Im) on the activity of
D. fructosaoransH184G [NiFe]-hydrogenase adsorbed at a PGE
electrode. Panel A: #Hreduction under 1 bar Ar. Panel B: ,H
oxidation under 1 bar | Conditions: pH 7, 40C, scan rate= 10
mV s, electrode rotatior= 2000 rpm. Reprinted with permission
from ref 102. Copyright 2006 American Chemical Society.

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
finction. 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

22 but notk.,f%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.

concentration causes the current to increase and there is &.8. Qutlook

gradual increase in the residual slope. This is indicative of
bothk, andk.. increasing as imidazole binds to the enzyme.

Although the experiments described in this section have

From the variation of residual slope with imidazole concen- only been performed on a small number of hydrogenases,
tration, 1:1 complexation was established for imidazole they outline a direct electrochemical approach that could
binding, and the dissociation constant was estimated as 12easily be employed to screen and to compare the activity
mM (40 °C, pH 7), i.e. binding is weak. Since the active characteristics of a very wide range of hydrogenases. As
site and the other two F€S clusters are unaffected by the different behaviors are categorized, a library of recognizable
mutation, the increase in turnover frequengy™ must be voltammetric responses is established, making it possible to
due to an increase in the rate of intramolecular electron assess, for example, catalytic bias towagdprbduction vs
transfer from the medial [3Fe-4S] cluster to the distal [4Fe- oxidation, suitability for fast interfacial electron transfer at
4S] cluster, which is an uphill process. During keduction, an electrode, or affinity for kat trace levels. In subsequent
the direction of electron flow is reversed, but any increase sections we discuss how PFV can be used to diagnose and
in the rate ofdownhill electron transfer from the distal [4Fe- interpret inactivation/activation reactions of hydrogenases and
4S] to the medial [3Fe-4S] cluster is unimportant, as this their reactions with small molecule inhibitors. Finally, we
was already sufficient to maintain the catalytic rate. consider how all of this information can be used for rational

Given that the distal [4Fe-4S] cluster must be the electron selection of enzymes for novel fuel cell applications,
entry/exit site, thek, results establish that the unusual including a device operating on low levekkh air.
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6. Reversible Inactivation of Hydrogenases under A. vinosum [NiFe]-hydrogenase (MBH)

Anaerobic Conditions

Aos pH 9
6.1. Characteristic Potentials of Anaerobic 06 k 50 °C
Active/lnactive Interconversions ' 1 bar H,

Both [NiFe]- and [FeFe]-hydrogenases undergo reversible ‘Et 0.4 inactivation
oxidative inactivation under anaerobic conditions (see Figure - 0.2
6). For the [NiFe]-enzymes, anaerobic oxidation generates '
the “Ni-B” or “Ready” state, and for [FeFe]-hydrogenases, 0.0
it generates k" For the [NiFe]-enzymes, the oxidized
inactive forms are assigned as Ni(He(ll) and the active -0.2 L L L L
site incorporates an atom in a bridging position between the 06 -04 -02 00 02 04
Ni and the Fe. In Ni-B, this is a hydroxide or oxide, but E |V vs SHE
other atoms such as S can be incorporated under special
conditions (see section 7.3). Definitive structural assignments B 6
for [FeFe]-hydrogenases have yet to be established. In the 4k
[FeFe]-enzymes studied so far, the oxidized inactive state is
an even-spin system: since an active site in which CO 2r —
ligands are coordinated to Fe(lll) is doubtful, it follows that w ol
Hox"2tis more likely to be Fe(ll)Fe(ll) than Fe(lI)(II). A z
complicating factor in [FeFe]-hydrogenases is the [4Fe-4S] 52T
cluster which shares a bridging cysteine with one of the 4 L
active site Fe atoms (Figure 4B) and is likely also to share
electrons. In conventional experiments, it has been proposed 6 r £
that this Fe-S cluster remains in the oxidized leveH(® 8 . g .
but it is possible that an electron is delocalized onto it or
that it acréepts an electron in a transitory manner. -06 04 -02 00 02 04
E |V vs SHE

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 modified with A. sinosum[NiFe]-MBH at pH 9, 50°C, and 1 bar

and other details of the mechanisffisFigure 28 shows |} "¢ electrode was rotated at 2500 rpm, so the decrease in current
oxidative inactivation as it is observed in cyclic voltammo- a5 the potential is scanned toward more positive values is due to
grams ofAllochromatiumzinosum[NiFe]-MBH oxidizing reversible inactivation rather than substrate depletion. (B) Derivative
H, and recorded at a slow scan rétdén this experiment the plot (di/dE vs E) for the reactivation sweep (toward more negative
electrode is rotated at 2500 rpm, so the decrease in currenpotentials) of the voltammogram shown in A, showing NByicn

as the potential is scanned to positive values is due to is determined. Reprinted and adapted with permission from ref 92.
. ok - Copyright 2003 American Chemical Society.

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 atto be involved in a rate-determining or potential-dependent
which activity returns is highly sensitive to the conditions step during reactivation. Studies at much lowepkessures,

Figure 28. (A) Anaerobic inactivation and reactivation observed
in a slow cyclic voltammogram (0.3 mV-§ for a PGE electrode

of the experiment, and a characteristic quantiyyiicn, 1S
defined as the potential of maximum slope in the reductive
activation direction, determined from a derivative plot, as
shown in Figure 28B. From experiments é&n vinosum
[NiFe]-MBH it was concluded thatEgich iS a robust

parameter to which can be attached thermodynamic signifi-

comparable to physiological conditions, are highly desirable.
It has been reported thddesulfaibrio gigas [NiFe]-

hydrogenase is not inactivated in the presence of#+but

this is clearly not the case féx. vinosum[NiFe]-MBH when

studied by PFV. In fact, extensive studies show that anaerobic

oxidative inactivation is a common feature of both the

cance at high pH and at least an empirical significance at [NiFe]- and [FeFe]-hydrogenases, and further examples are

lower pH values.
Many of the characteristics of the activinactive inter-
conversion forA. vinosum[NiFe]-MBH are seen at a glance

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

in Figure 29. The shapes of the voltammograms show thatis faster than inactivation. Values &uwich for Ralstonia
the rate and extent of inactivation depend on pH, temperature,eutropha [NiFe]-MBH and Desulfaibrio desulfuricans

and partial pressure of HIn general, the inactivation that

[FeFe]-hydrogenase are 115 and 75 mV, respectively,

is observed during the sweep toward positive potentials is compared with—95 and—110 mV for A. vinosumandD.
much slower than the reactivation that is observed on the gigas[NiFe]-hydrogenases (data not shown) under identical

return sweep. FoA. vinosum[NiFe]-MBH, this hysteresis

is particularly evident at low pH and low temperature.
The values folEgyich marked in Figure 29A and B move

to higher potential with decreasing pH or increasing tem-

conditions: pH 6.0, 30C, and 1 bar K Although theR.

eutrophaandD. desulfuricangnzymes inactivate faster, the
high Eswitch potentials confer a greater potential window for
activity, bounded at low potential by the onset of H

perature, and we return to this below. Panel C shows thatoxidation (see section 5.6 and Figure 30C). Generalizations

decreasing the Hpressure 100-fold, from 1 to 0.01 bar at
25 °C, increases the rate of inactivation but hardly alters
Eswitch OF the sharp nature of the reactivation peak. Dihydro-

are still difficult: for theD. desulfuricangFeFe]-hydroge-
nase, oxidative inactivation is faster at lower pHor A.
vinosum[NiFe]-MBH, it is faster at high pH? whereas, for

gen thus impedes anaerobic inactivation, but it appears notthe D. gigas[NiFe]-hydrogenase, there is little effect of pH
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Figure 29. Cyclic voltammograms for a film oA. vinosum[NiFe]-

MBH on a PGE electrode recorded at 0.3 m¥ %0 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 H and show the effect of varying pH as
indicated. Voltammograms in B were all recorded at pH 8.8 and 1
bar H, and show how varying the temperature alters the waveform.
The voltammogram recorded at 48 was for a film of much lower
coverage, hence the low catalytic current. The vertical bar on each
curve indicates the position dsyirch (S€€ text). Both voltammo-
grams in C were recorded at 26 and pH 8.8, and they show the
effect of varyingp(H,). In all cases, the electrode was rotated at

-0.6 0.4

Vincent et al.
A B
R. eutropha [NiFe]-MBH gé‘ lfuricans [FeFe]-hydrog
s Foties pHoﬁ.tl
% 15 30 °C
sip Lt 1 bar H
5 [ 1barH, 10 [ e
< 1mvs’ < 5 _10 m\a‘.s
=2r =
1t f ]
0 -5 /
-1 ram L I 1 10 1 1 1 1
06 04 02 00 02 04 -06 04 02 00 02 04
E |V vs SHE E |V vs SHE
e R. eutropha
[NiFe]-MBH
A. vinosum
[NiFe]-hydrogenase (MBH)
D. gigas
[NiFe]-hydrogenase
D. desulfuricans
[FeFel-hydrogenase
-400 -300 -200 -100 1] 100 200

E/V vs SHE

Figure 30. (A and B) Cyclic voltammograms showing anaerobic
inactivation ofR. eutrophgNiFe]-MBH (an Oy-tolerant hydroge-
nase; see later) ariol desulfuricangFeFe]-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 casefEanagh is marked

by a vertical line. Panel C shows the potential window for H
oxidation activity for four different hydrogenases, defined at low
potential by the onset of }bxidation and at high potential Bgyitch
Reprinted and adapted with permission from ref 76. Copyright 2005
American Chemical Society.

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 [ (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 dependenceBafiich gives the entropy

2500 rpm and potentials are quoted vs SHE. Reprinted and adaptedf reactionAS, andAH can be calculated frodG = AH

with permission from ref 92. Copyright 2003 American Chemical
Society.

on the raté? 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 d&swich against pH forA. vzinosum
[NiFe]-MBH andD. desulfuricangFeFe]-hydrogenase, along
with the corresponding “Pourbaix diagrams” that represent

— TAS The ASandAH 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 fr@mdesulfuricans

the potential and pH domains in an analogous manner to ashow (Figure 31) that the anaerobically oxidized enzyme
phase diagram. The pH dependences are classical and showists in two pH-interconvertible inactive state&(5.9) and

strongly coupled protonelectron transfer (1He™); thus, it
is most likely that the proton binds close to the electron.

there is also evidence for a deprotonation in an active state
(pKrea = 8.9)7* There is a further complication in that the

In the Pourbaix diagrams, upper zones represent thevoltammogram (Figure 30) has an unusual shape in the H

conditions under which the enzyme is inactive, and vertical
lines separate species differing in protonation state. The

oxidation region that could signal the presence of sample
inhomogeneity? but this remains to be clarified by spec-

active states are not distinguished from one another, and alltroscopy. The Pourbaix diagram in Figure 31 shows that,

that is known for certain in each case is that the enzyme is

below pH 5.9 and above pH 8.9, the activation process
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Figure 31. The pH dependence &yicn associated with anaerobic inactivation for two hydrogenases. In each case, the panel marked (i)
showsEsyich 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/1é&f, while (ii) represents the corresponding Pourbaix diagram showing species
and reactions that are consistent with these results. Panel A: Data. fanosum[NiFe]-MBH on a PGE electrode obtained from
voltammograms recorded at 0.3 mV'sat 45°C. The pH dependence of the"hHH, couple at 1 bar klis also shown. Reprinted with
permission from ref 92. Copyright 2003 American Chemical Society. Panel B: Dafa.fdesulfuricangFeFe]-hydogenase on a PGE
electrode obtained from voltammograms recorded at 10 m\as10°C. Reprinted with permission from ref 71. Copyright 2006 American
Chemical Society. Other conditions: 1 bag, lélectrode 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

rate of rate of activation
anaerobic after anaerobic
inactivation inactivation
enzyme Eswiteh (PFV) (PFV, IR) (PFV, IR) E (EPR) E (IR)
D. gigas[NiFe]- —-110 mV slow?76 fast276 —140 mV (pH 8.0y —150 mV (pH 8.0)*"
hydrogenase (pH 6.0, 3@)’® —210 mV (pH 8.3)%°
A. vinosum[NiFe]- —95mV (pH 6.0, 3C°C)"® slow’6:92 fasf®:92 —115 mV (pH 8.0}
MBH? —162 mV (pH> 7.6)f2
R. eutropha +115 mV (pH 6.0, 30°C)"® fast® fast®
[NiFe]-MBH
D. desulfuricans 69 mV (pH < 5.9, 10°C); fast® fast® —270 mV (pH 7.0)*° =75 mV (pH 7.0);
[FeFe]- —50 mV (pH 8.0, 10°C)"* —92 mV (pH 8.0}
hydrogenase 75mV (pH 6.0, 3C)’¢

2The AS, AH (PFV) values forA. vinosum[NiFe]-MBH are as follows: 193t 39 J Kt mol™%, 78 4+ 11 kJ mot? (pH 8.8); 261+ 53 J K
mol~1, 95 &+ 15 kJ mot? (pH 7.5); 290+ 48 J Kt mol1, 96 & 15 kJ mot* (pH 6.0) %2

involves no net transfer of protons whereas, between pH 5.8applicable to this enzyme). There are two obvious options
and 8.9, activation involves net transfer of one proton per for the protonation site: (1) the central atom X of the
electron’* The K of 5.9 suggests that samples of oxidized bridging ligand or (2) at a coordinated OHH,O (as
inactiveD. desulfuricangFeFe]-hydrogenase prepared at pH suggested by th€. pasteurianumhydrogenase | crystal
values close to 6 should display heterogeneity. It is interesting structuré??). It may be that the anaerobic oxidized states
to note that the structure @flostridium pasteurianurjeFe]- should be regarded as “resting states” that are protected
hydrogenase |, obtained at pH 5.1 by Peters and co-against the more aggressive actions of Gee below).
workers?! and thought to be in the anaerobically oxidized Albracht and co-workers have recently argued, on the basis
state, Hy"2t122 should be predominantly in the acid form of IR-monitored potentiometric titrations with. desulfuri-
(assuming th®. desulfuricangFeFe]-hydrogenase data are cans[FeFe]-hydrogenase, that the conversion gf"®into
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Figure 32. Potential-step kinetic experiments to measure rates of (A) inactivation and (B) reactivatoninbsum[NiFe]-MBH on a

PGE electrode under 1 bar,HPanel A(i) shows the potential steps used to repeatedly inactivate and then reactivate the enzyme, using
different oxidizing potentials in each case. The temperature BC4%nd the pH is 8.8. Panel A(ii) shows the resulting kinetic tratkbs
decreases in Hoxidation activity are triggered by each potential step. This trace is shown froniB@ 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 RC4%Bnd 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.

Hox (see Figure 6B) requires three electrdtfthey propose [NiFe]-MBH with polymyxin coadsorbate are fairly stable,
that a one-electron transfer (a5 mV, pH 7.0; see Table  but PFV experiments above ambient temperature are not
1) produces an intermediate.4qs that is converted to successful for some hydrogenases due to film instability.

by a further two-electron transfer at much lower potential. | the experiments shown in Figure 32A, the electrode
The second reaction is not evident in the PFV experim@énts, potential is stepped from a value at which the enzyme is

possibly due to the presence of, khich could immediately )1y active to a more positive value at which the enzyme

prov(;de the dtWO electrons that are required, so thahdis inactivates? Likewise, in Figure 32B, reductive activation
not detected. is studied by stepping the electrode potential from a value
L . . . at which the enzyme is inactive (Ni-B in Figure 6A) to a
|6'2' KlnetICS_ of Anaerobic Active/Inactive value that induces reactivation (a potential more negative
nterconversions thanEswier). The kinetics in each direction are obtained from

The kinetics of the inactivation and reactivation processes the respective currentime traces, and because the catalytic
have been studied using potential-step experiments (chro-activity of hydrogenases is usually very high, the traces have
noamperometry). As outlined earlier (see Figure 13), the a very good signal-to-noise ratio. The results show that
current-time trace from a potential-step experiment provides oxidative inactivation is slow, with rates that increase as the
a direct measurement of the reaction kinetics. A set of pH is increased but do not vary with potential. The
experiments carried out of. zinosum[NiFe]-MBH at pH inactivation is complex (the first-order plots show curvature)
8.8 is shown in Figure 32 The high-temperature (4%C) whereas reductive reactivation is fast and shows clean first-
is employed to increase the rate of the reactions, particularly order kinetics, allowing a marked potential dependence on
oxidative inactivation. Experiments at this temperature are rates to be observed (although the faster reactions are lost
possible because directly adsorbed films Af vinosum in the electrode charging “dead time”; see section 4.1). In
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Scheme 3. Reaction Sequence for Anaerobic Oxidative
Inactivation and Reductive Reactivation ofA. vinosum

[NiFe]-MBH
e E: Electrochemical
step
Eswitch
Ni-SR
H*  C: Chemical step

Active states H,O

2H*+2e  H,
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7. Reactions of Hydrogenases with Small Neutral
Molecules

7.1. O,—Inhihitor and/or Substrate?

7.1.1. O,-Sensitive [NiFe]-hydrogenases

As shown in Figure 6A, [NiFe]-hydrogenases react with
O, to give at least two distinct inactive species, known as
Ni-A (Unready) and Ni-B (Ready® 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. zinosum and the similar, soluble
periplasmic [NiFe]-hydrogenases frobesulfaibrio.?

Protein film voltammetry experiments to investigate the
reactions of hydrogenases with, @volve injection of an
aliquot of Q-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, Q is added during electrocatalysis of bixidation,
so that the effect is observed immediately as a decrease in
catalytic current. An experiment carried out wahzinosum
[NiFe]-MBH is shown in Figure 33. To avoid its direct
reduction at the electrode, the aliquot of ® added when
the electrode potential is just al®0 V (Figure 33A): this

electrochemical terms, anaerobic oxidative inactivation is a action results in immediate loss of activity, following which

“CE” process; that is, it requires a slow chemical step prior
to electron loss, which traps the product as Ni(lll), 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. desulfuricangFeFe]-hydrogenase has been studied
briefly in the same way, and the main similarity with
vinosum[NiFe]-MBH is that inactivation (which takes from

the cell is flushed with K to remove the @ while the
potential cycle is continued. Even when the Ras been
removed completely, there is no recovery of activity as long
as the electrode potential remains above about 0 V, but below
0V, the current increases as activity is restored. A very slow
scan toward more negative potentials after introduction of
O, at+242 mV (Figure 33B) indicates 70 mV as theEsyich
potential associated with reductive activation, a value that
is very close toEswich determined for reactivation after

tens of seconds to minutes, depending on pH and temperasnaerobic oxidative inactivation.

ture) is also much slower than activation (which is complete
within seconds and merged with the charging time of the
graphite electrod€):"®But in contrast toA. vinosum[NiFe]-
MBH, inactivation is faster at lower pH<{pH 6). It may

To elucidate further details of this reaction, experiments
have been carried out in which,@dditions are made at
fixed potentials and reactions are induced by potential steps.
In the experiment shown in Figure 34A, an aliquot of O

indeed be the case that anaerobic interconversions betweegaturated buffer is injected to inactivaevinosum[NiFe]-
active and inactive states of hydrogenases are faster wherMBH that is oxidizing H at 1 bar and a high potential (242

the reaction does not involve net transfer of a proton (or
OH").

mV). After flushing out Q, reductive activation is monitored
following a potential step (te-108 mV), and this reaction

A 0, injected B
10 F v 1.8 | re-activation
8 L
1.3 F .
6 F O, injected
‘5. 0, <=,_ then flushed
R flushed .
- 4 ' - 08 | out prior to
-~ out during | ™~ scan
2 r scan 03 |k .
() S— ' v
_2 1 1 1 1 _02 1 1 1 1
06 -04 -02 00 02 O -06 -04 -02 00 02 04
E |V vs SHE E |V vs SHE

Figure 33. Effect of O, on A. vinosum[NiFe]-MBH adsorbed on a rotating PGE electrode. (A) Cyclic voltammogram recorded at 1 mV
s1, showing that an injection of Ssaturated 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 (afteb€en
flushed out of the solution) is determined from a very slow scan (0.1 mYand is indicated by a vertical line. Other conditions: 1 bar
H,, pH 6, 30°C, electrode rotation rates 2500 rpm. Reprinted and adapted with permission from ref 76. Copyright 2005 American

Chemical Society.
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Figure 34. Current vs time traces for potential-step experiments
monitoring recovery of Hoxidation or H reduction activities for
A. vinosum[NiFe]-MBH on a PGE electrode after inactivation by

Vincent et al.

sequence is carried out under anaerobic conditions (dashed
line at 3206-3500 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,ONe refer to this fraction

of the enzyme as “dead” in Figure 6A, and it may reflect
permanent damage by,@esulting from oxidation of Cys
sulfur atoms in the active site regiéht?* The reactivation
process can also be studied by monitoring fdduction at

low potentials. In Figure 34B, the enzyme is reactivated at
—558 mV under N after exposure to Oat 242 mV. Two
phases are again clearly evident in the (negative) current
response as the activity toward Heduction 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 O
is injected while the electrode potential is held at 242 mV.
The reactivation traces show that reaction withaDhigher
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 O
under a N atmosphere, although, in this case, there is no
H, oxidation current and the rapid inactivation by i® 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 £0s injected under Ninstead of H and
when the electrode potential is increased.

The interpretation of these results is summarized in
Scheme 4. If a molecule of &nounters an active site that

O,. Panel A: The film of hydrogenase is subjected to a sequence s fyrnished with an abundant supply of electrons in the

of potential steps under 1 bar,HThe 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 whichiOnot
reduced at the bare electrode), and 0.10 mL g&&urated buffer
was injected. The headspace was then flushed witfoiH600 s to
remove Q 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 iN
which the film of hydrogenase is again exposed tg & high
potential (242 mV) but recovery of activity (after flushing ouf)O

is now monitored at a low potentiak-658 mV) at which the
hydrogenase is able to catalyze Ireduction. In both cases, the
other experimental conditions were as follows: pH 6.0,°45
electrode rotation rate 2500 rpm. Reprinted with permission from
ref 123. Copyright 2004 American Chemical Society.

presence of b it is quickly reduced by four electrons
(including one from the Nlj to give two molecules of water,
one of which may remain trapped as the Oligand that is
found in Ni-B. On the other hand, when few electrons are
available and Kl is absent, the ©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 @. 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
peroxide3® The presence of a hydroperoxide (H®in Ni-A
could explain the observation that the value Bfyich
observed when the enzyme has been inactivated witis O
very close to that observed for anaerobically inactivated
samples that contain only Ni-B, with the argument being
that HG,- and HO should exert similar electrostatic

proceeds in two phases. The first phase is over in a few influences.
seconds, but the second phase shows clean first-order kinetics Léger and co-workers studied the electrochemical kinetics

with a half-life of about 5 min (280 s at 4%C). The clear

of the reaction ofDesulfaibrio fructosaorans [NiFe]-

distinction in rates suggests that these phases correlate witthydrogenase with €® The rates of inactivation were

activation of Ready (Ni-B) and Unready (Ni-A) states,
respectively, as depicted in Figure 6423 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

measured by recording the decrease jrokidation current
following injection of G, shortly after stepping the electrode
potential to a sufficiently high potential (190 mV) to avoid
direct reduction of @at the electrode. The experiments were
carried out at 40C, over the pH range-57.8. An open cell
was used, and after injection, the @as flushed from the
solution by a stream of H The results were analyzed by
considering that the rate of loss of, kbxidation activity

compared to that attained when the same potential stepdepends on two processes. One is thgifdependent
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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 Ranel A: the effect of pH. In each case the potential was initially heteb&3 mV

to fully activate the enzyme for 600 s before being stepped283 mV for 60 s (this reports on the initial activity at this potential prior

to O,-exposure). The potential was then stepped to 242 mV, angR%® O,-saturated buffer was injected into the cell solution (indicated

by dotted arrow). H (1 bar) was immediately flushed through the headspace for 600 s to remdafdDe 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 £ and the solid arrows indicate unrecovered activity (dead enzyme) followsrigativation. Panel B:

the effect of electrode potential and gas atmosphere. Plot i shows reactivation after additipnrafeD a variety of potential and gas
atmosphere conditions as indicated. In each case the reactivation is monitored at 16D, —158 mV. Plot ii summarizes the results

for a number of these experiments, showing the percentage of “slow phase” observed in the reactivation follee¥pgsOre under
different conditions. Other experimental conditions: °45 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 to film loss or formation of “dead” enzyme. The kinetics

Active [NiFe]-hydrogenase with G,. Reprinted and Adapted were analyzed using eq 15,
with Permission from Ref 125. Copyright 2005 American
Chemical Society d(Ini)
& = Tk Oexptn)  (15)
Ready (Ni-B) where d(Ini)/dt is the rate of inactivation by £ which

depends upon the concentration efaDtimet, as it is flushed
out of the cell with time constant. Results are shown in
Figure 36, in which the top panels show the traces obtained

+0, + & + H —> at 1 bar H and 0.1 bar b and the lower traces show the
Unready (Ni-A)

respective logarithmic transforms with fits to eq 15. Note
that film loss has occurred between experiments and the
or .@ +H,0 o X . : .

initial current magnitude is therefore different in each case,

but this does not affect the kinetics of reaction with. O
anaerobic conversion of active enzyme to Ni-B (a first-order Attack by G is partly competitive with H (lowering the
process, rate constalky was assumed) and an-@ependent  pressure from 1 to 0.1 bar only results in a 3-fold increase
process having a rate constd@Co,(t), whereCo,(t) is the in rate of reaction with ¢). The rate constants obtained at
concentration at tim¢ as Q is flushed from the cell. This  pH 7 and 40°C were 38 st (bar Q) ' at 1 bar H and 105
experiment could be repeated many times, simply by steppings™ (bar @)~! at 0.1 bar. Thus, KHaffords only partial
the potential back to-560 mV to reactivate the enzyme protection against § suggesting perhaps that the two gas
when the reaction is complete. About 50% of the activity molecules favor different oxidation levels of the active site.
was lost each time, but much of this was regained when theFurther experiments showed, however, that the kinetics of
reductive poise was extended for longer times. This is O;inactivation are independent of potential over a wide range
consistent with formation of both Ni-B and Ni-A, as just (40—500 mV at pH 7) and independent of pH—{3.8).
discussed, in addition to some permanent loss of activity dueAgain, data at very low levels of fcloser to physiological
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Figure 36. Decreases in the rates (catalytic currents) for H
oxidation byD. fructosaorans[NiFe]-hydrogenase after injection

of small aliquots of @saturated buffer (at time, = 0). Ap-
proximate initial concentrations ofxn the cell solution after each
injection are indicated. Panel A: 1 bag,lime constant for flushing
out G, from the cell,7 = 24 s. Panel C: 0.1 bar4t = 10 s.
Panels B and D show corresponding plots of djidt at 1 bar H

and 0.1 bar B respectively, against time and fits to eq . (
Reprinted and adapted with permission from ref 66. Copyright 2004
American Chemical Society.

levels, would be useful to show how the enzyme might cope
with O in nature.

The mechanism of reactivation of Unready [NiFe]-

Vincent et al.
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Figure 37. (A) Activation of the Unready (Ni-A) state oA.

hydrogenase (Ni-A) was investigated using a sequence ofvinosum[NiFe]-MBH on a PGE electrode under 1 bas iitiated

potential step experiments and gas injections, Figur&37.
First, a maximum amount of Ni-A was generated on the PGE
electrode by poising the electrode potential at high potential
under N and then injecting @ the head gas was then
changed to kB and after allowing all the ©to be flushed

by stepping the electrode potential down to different values. After
incubating under BMand then injecting @at 242 mV, H was used

to flush out the remaining £for 600 s before the potential was
stepped to various reducing potentiatsg( —33, —58, —78, and
—158 mV), and the increase in activity was monitored. Other
experimental conditions include the following: pH 6.0,°45 and

out, the enzyme was reactivated by a potential step. Experi-electrode rotation rate- 2500 rpm. B: Dependence of the rate of

ments were carried out using a range of reactivation

potentials, and the rate constant was measured in each cas
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 measuree289 and
—158 mV).

activation of Unready (Ni-A) enzyme on electrode potential and
QH, measured at 48C. 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 HLines represent fits using eq 17A.
Reprinted with permission from ref 125. Copyright 2005 American
Chemical Society.

In each case, the rate constant was determined from a

semilogarithmic plot of logfax — it) vs t. The results for
two pH values, 6.0 and 6.8, are summarized in Figure 37B.
The role of H in the reactivation process was investigated
in experiments in which the reactivation step potential was
applied to enzyme under,Nnstead of H (not shown):?®

The same period of incubation is employed in each case

before switching the head gas te t& measure the activity
recovered. Far less enzyme was activated in thelhise
than expected. Importantly, undeg,N potential stefpack

to the initial potential even reversed the process of activation

stage, requiring b that commits the entire sequence to
produce active enzyme. In the language of electrochemical
kinetics, this is an “E@\Cire,” S€qQUENCE.

These stages are written

(data not shown). It was proposed that three distinct stepsfor which the steady-state equation is

are involved-a 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

bk e
0] P R T, P — active enzyme (16)
E Crev Cirrev
K Kk
rate= 125 a7

Kk, + kg + k) + kp + kg + (Kka/k_;)
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where K; = ki/k-;. Because the first stage is a rapid
electrochemical equilibrium, the rate equation can be ex-
pressed to include the potential dependence.

rate=
k., exp{NF(E° — E)/RT}

K, + kg + (Koko/K_;) + exp{nF(E° — E)/RTH(K_, + K, + k)
(17A)

The role of H in activating Ni-A is to render the
reductively activated transformatidrre versible 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 Hnd the enzyme reactivated

as soon as the gas exchange occurred (data not shown). Thu

like H,, 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 atoffibut 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 sted
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 (dr CO).

7.1.2. O,-Tolerant [NiFe]-hydrogenases?

Chemical Reviews, 2007, Vol. 107, No. 10 4401

Thiocapsa roseopersicirflliFe]-hydrogenase retairrs90%

of the activity observed under 0.82 bag  argon at the
same level of Hin air8! This result is surprising given the
sequence similarity of this enzymeAovinosumMBH (82%
identity for the large subunits based on ClustalwW align-
ment)12%10 This result hints at how ©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;Hhat escape into £
rich soil or aquatic environments as discussed in section 1.
Films of these hydrogenases are less stable on the electrode
than those of the robusA. vinosum [NiFe]-MBH, but
because film loss is reasonably consistent between experi-
ments for a given enzyme sample, it is still possible to obtain

galuable information on their reactivities with small mol-

ecules by performing control experiments solely under H
Introduction of 5 mbar @leads to only a small drop in

activity of Ralstoniaenzymes: at ambient levels of, @ca.

200 mbar) R. eutrophgNiFe]-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 @tolerance between the highly
similar Ralstonia [NiFe]-MBH enzymes (large subunit
sequence identity 81% based on ClustalW alignment) must
eflect subtle electronic or structural changes. Furtker,
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 casé$®

When Q 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

In the hydrogenase literature, an enzyme that retainsUPOn exposure to £as occurs for thé\. vinosum[NiFe]-

catalytic activity (assayed undanaerobicconditions) after

a period of exposure to Qis frequently deemed “©
tolerant”; see, for example, refs 67, 126, and 127 (see
“wireless H", 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 toodidation,
and these reductants are readily oxidized byNaness and
co-workers recognized the importance of characterizing
hydrogenase activityn air rather thanfollowing exposure

to air, and they measured an H/D exchange rate for partially
purified Rubrivivax gelatinosusydrogenase in BD under
mixtures of H and airt?” Protein film voltammetry provides

a simple and direct means of measuringoidation activity
underaerobicconditions and of precisely defining the bounds
of tolerance to @"®*?8Measurement of Hreduction activity

in air is not so straightforward: Qs 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, Qartial
pressurep(O,), on the activity of three [NiFe]-hydrogena-
sest?® These experiments were carried out at pH 5.6,G0
and 142 mV, and no direct Qeduction at bare regions of
the graphite working electrode is observed at this potential.
Just 5 mbar Qis sufficient to completely remove the activity
of the A. vinosumenzyme (Figure 38A). Karyakin and co-
workers reported that a carbon fiber electrode modified with

MBH (section 7.1.1). In all of these experiments, the H
content is high (close to 1 bar, orders of magnitude above
Kwm), and further experiments at physiologically relevant
levels of H and Q are needed to determine the responses
of hydrogenases to air under the low levels oftHat are
experiencedn vivo. In the fuel cell experiments discussed
in section 8.2, we explore further what it means for a
hydrogenase to actualfynctionin air at low levels of H.

Figure 38D shows the potential dependence of reactiva-
tion of R. eutrophaMBH under 1 bar H following rapid
inactivation by Q at high potential and subsequent re-
moval of G, from the cell!?® The rate of recovery clearly
increases at more negative potentials, suggesting that O
binds at a redox center in the protein, rather than simply
plugging a gas channel and blocking tdccess to the
active site. Having defined Qolerance in terms of the ability
to functionin 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 @amage to FeS
clusters is not easily reversiblg: 132 The other target for
attack is the active site, and we envisage two limiting cases:
(a) that Q 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
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Figure 38. (A—C) Effect of stepwise additions of »n the H oxidation activity for a PGE electrode poised-at42 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,HAt the time indicated, @gas was injected into the headspace of the cell to g{@®)

= 5 mbar, and further injections of Qvere made as shown. At the points indicated by the dotted arrgwyad flushed through the cell

to remove @, restoring anaerobic conditions. (D) Chronoamperometry experiments designed to measure the rate of recov&y of the
eutropha[NiFe]-MBH at different potentials under an anaerobig &lmosphere after inactivation by.@t a high potential£342 mV).

Other conditions: pH 5.6, 30C, 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.

section 7.2.1, where we describe the interesting resultthat has been inactivated anaerobically as opposed to enzyme

obtained when CO is introduced. that is almost fully active. As discussed in section 6.1 and
. compared in Table 1 the “switch” potential for anaerobic

7.1.3. [FeFe[-hydrogenases: Inactive States Protect inactivation ofD. desulfuricangFeFe]-hydrogenase is 75

against O; Damage mV (pH 6, 30°C, 1 bar H), and so the enzyme is almost

The [FeFe]-hydrogenases fraviegasphaera elsderdind fully active at 42 mV prior to injection of @(red line). In
Clostridium pasteurianurare purified under strictly anaero- ~ contrast, a substantial portion of the sample has already
bic conditions and are very sensitive ta. ¥ The enzymes  converted to the oxidized, inactive form when i®injected
from Desulfaibrio vulgaris and D. desulfuricanscan be  at 242 mV (blue line). In each case, the electrode was poised
purified aerobically in an inactive form known as,®ct at the vertex potential, 342 mV, for 300 s to allow complete
(Figure 6B)13136 The inactive enzyme is activated by removal of Q from solution. For comparison, an anaerobic
reduction (analogous to Ni-A and Ni-B for the [NiFe]- cycle recorded under the same conditions is also shown
hydrogenases), and once activated, it is susceptible to(green line). The current drops essentially to zero upon
irreversible Q@ damage. From early work on tii vulgaris injection of G, at 42 mV, and almost no recovery of activity
enzyme, it was thought that after reductive activation it was is observed on the return scan (red line). WhetisGnjected
not possible to regenerate the-&able oxidized state, but at 242 mV, the current drops quickly to zero, but some
van Dijk et al. used the high-potential oxidant 2,6-dichloro- reductive reactivation is now observed on the return scan
phenol-indophenol (DCIPE,7 = 217 m\#) to convert the (blue line) although there is still less recovery than observed
enzyme anaerobically back to.42°137 This observation  in the anaerobic experiment (green line). (Note that, even in
suggested that anaerobic inactivation protects the active sitethe anaerobic case, the current decreases during the volta-
against destruction by O mmogram due to the instability of hydrogenase on the

Figure 39 shows how PFV can be used to test the electrode.) These experiments lend strong support to the
protective effect of anaerobic inactivation. In the cyclic proposal that an [FeFe]-hydrogenase that has been oxidized
voltammograms fob. desulfuricangFeFe]-hydrogenase on  anaerobically (in this case subjected to a weakly oxidizing
a PGE electrode shown in panel A; ® injected at different  electrode potential) is protected against damage byl e
electrode potentials in order to compare its effect on enzyme high switch potential associated with,#92“ means that a
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[FeFe]-hydrogenase is protected by oxidative inactivation.
Panel B shows a current vs time trace recorded atd0
(films of this enzyme on PGE are much more stable at lower
temperatures). First, the enzyme is fully activated-&60
mV. Next, the potential is stepped t670 mV to measure
the initial H, oxidation activity, and then it is stepped back
to —560 mV and then to 341 mV, a potential at which the
hydrogenase inactivates anaerobically. Afes at 341 mV,
before too much enzyme has inactivated,i©introduced,
and then the cell is flushed with,Hor about 500 s before
the potential is stepped t670 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,@hjection. The recovered
activity increases as the inactivation period is lengthened.

The experiment in Panel B shows that formation of the
Hox"tstate is so fast at pH 6.0 that eva 5 speriod at 341
mV enables substantial inactivation before i© added. In
this case, 34% of the initial activity level measured-at0
mV is restored. A 60 s inactivation period prior to, O
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 k"2t is unreactive to @(Figure 6B).

7.1.4. Summary: Hydrogenases Operating in Air?

Protein film voltammetry provides precise details op H
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 fronD. fructosaoransandA. vinosum O, leads to a
mixture of inactive states, Ni-A and Ni-B, and to some
permanent damage. Repeated cycles of exposure ia O
the microanaerobic environment of these organisms (Figure
3) would lead to a build-up of enzyme that is very slow to

s pause at 342 mV before the return sweep (toward more negativereactivate under ambient conditions (hours), along with

potentials). Red line: @injected at 42 mV. Blue line: @njected

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 1 in which the electrode
potential is stepped to 341 mV at 100 s (a potential at which the
enzyme can be inactivated anaerobically) and thgis troduced
after 5 s. The extent of recovery after flushing oyti®measured

by comparing the activity after a reactivation period-at0 mV
with the value from an initial control period at this potential (see

increased amounts of “dead” enzyme. Access to the Ni-B
state that is readily activated may be important in providing
protection against ©inhibition and/or damage in semi-
aerobic growth conditions. For the [FeFe]-hydrogenase (from
D. desulfuricany the anaerobically generated inactive state,
Hox"2°t appears to be the only form of the enzyme that can
survive exposure to ©

As might be expected, the hydrogenases from the aerobic

gray dashed lines). Panel C: summary of a series of chronoamperoKnallgas bacteri&alstonia(Figure 3) behave very differently

metric experiments run as shown in panel B, but with different
time periods for inactivation at341 mV prior to introduction of
O.. In all experiments, 200L of O, -saturated buffer was injected
into a 2 mLcell solution, yielding approximately 99M O, in the

cell solution. Other conditions: electrode rotation r&t2500 rpm,

pH 6.0, 1 bar H. Panels B and C are reprinted with permission
from ref 71. Copyright 2006 American Chemical Society.

high potential oxidant would be required to generate this state

in conventional solution studies, suggesting a reason for the

difficulty in regenerating the @stable state in early work

to the hydrogenases from anaerobes undeaich conditions,
maintaining substantial fHoxidation activity and recovering
rapidly on removal of @ At the time of writing this Review,

it is still not clear how the states &alstoniaMBH 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 experiencedvivo (p(Hz) may be

in the microbar range, ang{O,) may be in the millibar range
and above; section 2.1); further challenges toobdidation

by the Ralstoniahydrogenases are addressed in section 8.2,

on the [FeFe]-enzymes, and the success with DCIP asin which we explore the technological possibilities arising

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

from a catalyst that will oxidize Hin air.

Determining whether hydrogenases are abl@rimduce
H, in air will be important for applications involving aerobic
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Figure 40. Effect of CO on H oxidation activity measured for a
PGE electrode modified with (A\. vinosum[NiFe]-MBH at 142
mV and (B)R. eutrophgNiFe]-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.

photosynthetic klproduction that exploit either intact cells
or biologically derived or inspired constructs.

Vincent et al.

from 10% H/90% N, to 10% H/90% CO results in almost
complete inhibition of current (Hoxidation activity), but
activity is restored rapidly as CO is flushed out of solution
(Figure 40A). Similarly, reversible CO inhibition of.
roseopersicindaydrogenase was reported by Karyakin et al.
on the basis of direct electrochemical measureméhis.
contrast, the Kl oxidation activity of R. eutropha[NiFe]-
MBH (Figure 40B) is unaffected by C&8In this case, the
gas composition of the cell was changed from 10%9b%6
N2 to 13% H/87% CO, and this actually resulted in an
increasein activity due, most likely, to the slightly higher
H, content of the gas environment. In other words, the H
oxidation activity ofR. eutrophaMBH is not inhibited by
CO, even in large excess ovep.H

Léger and colleagues studied how CO inhibits the [NiFe]-
hydrogenase frorD. fructosaoransand measured how the
equilibrium constant for CO inhibition varies wiif{H,) and
electrode potentid® They recorded the recovery of activity
as CO is flushed from the cell solution, analogous to the
experiment carried out to measure g for H, oxidation
(see Figure 17). In contrast t0,CO is fully competitive
with H,, and the data were analyzed according to eqs 18
and 19, which arise from standard equations for competitive
inhibition 6694 Equation 18 shows the relationship between
activity and the concentrations of CO and.H

Ku [
i Cy, O\

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

i(0)
N Ceot) expt/z)
K, CO/H,)

max

it)= Cosld (18)

K,(CO/H,)

1

i(t) = (19)

wherei(0) = imad(1 + Ku/Ch,) is the initial current (before
adding CO) and

Ky

KRCOMM,) = K(COMy) {1+ 5| (20)

KM
H

7.2. Inhibition of Hydrogenases by CO

In 1943 Hoberman and Rittenberg first reported that

hydrogenase activity is inhibited by C€.Unlike Pt catalysts As expected from the way that,Hoxidation activity
which require harsh oxidative treatment to remove bound decreases as:Hs flushed from the cell, the recovery of
CO, typical hydrogenases are inhibited in a quite reversible activity after CO injection is also sigmoidal. Equation 21
manner by CO, and some CO-insensitive [NiFe]-hydroge- shows how the data are manipulated in a linear form by
nases have been identifiédAccording to structural and  logarithmic transform.
spectroscopic studies carried out on the [NiFe]-hydrogenase _
from D. vulgaris (Miyazaki F), the exogenous (inhibitory) | i(0) = Cco(0)
CO molecule binds to the Ni atofAand the crystal structure 00y W =100, K,

Values ofK2Pdetermined for different values of electrode

reported by Peters et al. for CO-inhibit€] pasteurianum

[FeFe]-hydrogenase | shows CO bound as a terminal ligand
potential and Hpartial pressure are shown in Figure 41 and
reveal a complex pattern of CO inhibition that depends both

at active site Fé3°
on H, pressure and electrode potential. The valuk €O/

t
toa

(21)

7.2.1. [NiFe]-hydrogenases and CO

Figure 40 compares the effect of CO on two [NiFe]- H,) decreases about 10-fold as thglelvel is lowered from
hydrogenases studied as films on a rotating PGE electféde. 1 to 0.1 bar. Notably, at 1 bar,Hred data points)K2P>
For A. vinosum[NiFe]-MBH, changing the gas environment (CO/H,) is almost independent of electrode potential (the
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Figure 41. Summary of all the constants for the inhibition by CO
of H, oxidation and H reduction byD. fructosaorans [NiFe]-
hydrogenase, at pH 6, 4€. Values ofK;2*{CO/H,) measured at

1 bar H are shown in red, and values measured at 0.1 barél
shown in green. The corresponding valuekofCO/H,) once the
competition with H is accounted for is shown as a circled orange
point. Blue points denotk(CO/H") data obtained for experiments
without H, (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.

value is approximately 1@ bar) whereas, at 0.1 bar,H
(green data pointsK2PACO/H,) increases slightly as the
potential is lowered. A similar set of experiments was
performed to examine the effect of CO on' Heduction
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 spectroscopicall)fjl

characterized (see Figure 6A),der and co-workers favored
assignment of Ni-Sl (also known asM8) as the state which
binds CO%® This state has been isolated and crystallized for
two [NiFe]-enzymes from sulfate-reducing bactéfial*?It

was considered by lger 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(lll)-H~, but H™ dissociation as Hwould
leave Ni(l), which could then bind C&3) However, their
assertion that Ni-Sl is the target for competitive inhibition
by CO presents a problem because others have reported th
its reaction with H to give Ni-C isirreversibleon the time
scale of catalytic turnover (the back reacticiormation of
Ni-SI from Ni-C—occurs very slowly$® In other words, the
fact that CO appears to be @ampetitve inhibitor of H,
oxidation and the suggestion that it binds to Ni-SI must be
weighed against spectroscopically derived evidence that Ni-
Sl is probably not a catalytic intermedidf€.Nonetheless,
the analysis and proposals ofder and co-workers are given

Chemical Reviews, 2007, Vol. 107, No. 10 4405

potential is lowered was explained in terms of electron
transfer being sufficiently slow that some Ni-Sl could persist
even under low-potential conditions’ ¢er et al. extended
this argument to explain why CO inhibits,Hvolution 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 valuekpf= 0.16
uM for CO binding toD. desulfuricangFeFe]-hydrogenase
at 30°C, with 20% H in Ar.2%¢ The crystal structure of the
CO-inhibited form ofC. pasteurianunjFeFe]-hydrogenase
| by Peters et al. showed that the inhibitory action of CO
results from binding to the active sit¢ From EPR
spectroscopy on the CO-bound crystals, it was confirmed
that the structurally determined inhibited state is analogous
to the Hx-CO state formed whem. desulfuricans D.
vulgaris, andC. pasteurianumil [FeFe]-hydrogenases are
inhibited by CO'36:144146 |n the first voltammetric study of
an [FeFe]-hydrogenase, froM. elsdenij Butt and Hagen
used their observation of CO inhibition as evidence that the
enzyme was the electrocatalysWe have carried out various
voltammetry experiments to study the inhibition Bf.
desulfuricangFeFe]-hydrogenase by CO, and in accordance
with previous reports, injection of CO-saturated buffer at 40
mV causes immediate loss of,Hbxidation activity and
injection at—460 mV causes immediate loss of keduction
activity.”* In the course of these experiments, we noted that
the inactive, anaerobically oxidized state,/M, is unable
to bind CO. Generating the "t state from active enzyme
nd 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 H,nat js reactivated at different scan rates in the
presence of CO. Data from control experiments (black lines)
are included to show the current response whegl'd is
reactivated under 1 barth the absence of CO (the decrease
in current as the potential is taken belevd.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

fnzyme. The peak current increases in magnitude at faster

scan rates because the faster the scan rate, the ny@iastH
is activated to i3, 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 H, oxidation activity could proceed in the presence of

here. The dotted line in Figure 41 shows the dependence ofCO if the sample was illuminatéd’ The photolability of

K, on E expected for a model in which CO can bind only to
state Ni-Sl 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

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 frdi desulfuricansin
which EPR and IR spectroscopy revealed that, in the absence

off to a limiting value (rather than decreases to zero) as the of H,, the H-CO state is stable in light®48 Cryogenic
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Potential (V) 2500 rpm, pH 6.0, 16C, 1 bar H. Reprinted with permission from
Figure 42. Reaction of CO withD. desulfuricans[FeFe]- ref 71. Copyright 2006 American Chemical Society.

hydrogenase as the enzyme is reactivated from thiatstate.
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 though it shares>40% sequence identity witlD. gigas

case the current is normalized with respect to the level of activity [NiFe]-hydrogenase (based on ClustalW alignment of large
measured on the previous scan; black lines indicate the level Ofsubunit sequences). TRe eutrophaVIBH retains substantial

reactivation expected if CO is absent; red lines show the response P - : :
observed when 306L of CO-saturated solution (final concentration SHZ oxidation activity even in the presence of an atmospheric

14uM) is injected before the scan. Other conditions: rotation rate 1€Vel of O, and it is completely resistant to inhibition by
2500 rpm, pH 6.0, 10C, 1 bar B. The current transient obtained CO even when a large excess ovey il used. Moreover,

in the presence of CO, which intensifies at a higher scan rate, although this enzyme reacts with @uch more rapidly than
reflects the enzyme’s opportunity to catalyze ¢xidation before it is inactivated anaerobically, the resulting inactive form is
CO inhibition. Reprinted with permission from ref 71. Copyright = reactivated rapidly when a reductive potential step is applied.
2006 American Chemical Society. The latter observations suggest strongly thair@eracts at

. N . a redox center in the enzyme, most likely the active site
illumination caused photolysis of CO and generated the H  (since reversible inhibition at iressulfur ciusters is un-

signal, but as observed for other [FeFe]-hydrogenases, raisingike|y)_ Together, the results show thas @lerance in this

the temperature caused complete recovery of theG® enzyme is due to the ease by which the product pdack

signal. is removed rather than due to restricted “gas channel” access
In contrast to EPR studies which detect CO release throughto the active site. The hard sphere diameters of CO and O

changes in spectra, investigations by PFV follow the recovery calculated from gas viscosities are roughly the same (3.55

of catalytic activity. A study of the CO-inhibited [FeFe]- and 3.70 A, respectively, compared with 2.71 A fos) /8

hydrogenase fromD. desulfuricansrevealed that light s it follows that CO must be able to access, but not inhibit,

significantly enhances the rate of recovery of ¢#kidation  the active site oRR. eutrophaMBH. Indeed, the fact that
measured at-109 mV but does not enhance the rate f H  CO does not inhibit suggests an inability to form a metal

reduction, measured at459 mV (Figure 43! This behavior CO bond.
suggests the existence of (at least) two CO-bound forms,
with the state that prevails at109 mV (but not at-459 7.3. Reactions of [NiFe]-hydrogenases with Sulfide

mV) displaying photolability. Hydrogenases from sulfate reducing bacterie-

7.2.4, Summary: Similarities and Differences between co ~ Sulfovibrio, are likely to encounter 3% under physiological

i ol A conditions. In an early study by Higuchi et al., diffraction
and Oz Inhibition of [NiFe]- and [FeFef-hydrogenases data obtained for certain crystals of the [NiFe]-hydrogenase

In general, both [FeFe]- and [NiFe]-hydrogenases are from D. vulgaris Miyazaki F (MF) were interpreted in terms
susceptible to reversible inhibition by CO and more devastat- of a sulfur based bridging ligand between the active site Ni
ing attack by Q. Although [FeFe]-hydrogenases may be and Fel*® in place of the oxygenic ligands assigned to
permanently damaged by,@he anaerobically oxidized state, inactive forms of the enzymes fro@. gigas D. fructoso-
Hox"at which does not bind CO, is also unreactive to9 O wvorans andA. vinosun?®15¢-153 Higuchi and co-workers also
and may represent a “resting” state that would allow the detected HS upon incubation of as-isolated hydrogenase with
enzyme to survive under oxygenic conditions. The [NiFe]- H, and electron donors, at a level consistent with release of
MBH from R. eutrophais an important exception, even sulfide from >20% of the enzyme moleculé%,** and
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Figure 44. Inactivation of D. wuulgaris Miyazaki F [NiFe]-

hydrogenase by anaerobic high potentiak, ©r sulfide. The
voltammograms in panel A show the behavior of a PGE film of
enzyme at 1 bar Hunder anaerobic conditions after pre-equilibra-
tion at either—556 mV (black) or+244 mV (red). In panel B, an
aliquot of Q-saturated buffer is introduced @ V on theforward
scan (toward more positive potentials) and tha<flushed out so
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is indicated b). In Figure 44B, Qis injected at about 0 V

on the forward sweep, and the switch potential for reactiva-
tion on the reverse sweep is again abe60 mV. The effect

of adding an aliquot of sulfide solution at an electrode
potential of abott 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 £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 th®. vulgaris MF [NiFe]-hydrogenasea
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 HS is the attacking specié$.

These results can be discussed with reference to a more
recent paper by Higuchi and co-workétéwho carried out
a detailed crystallographic and EPR study of the reactions
of the D. wvulgaris MF [NiFe]-hydrogenase with N& and
O,. 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 N& 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 Niighile 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 Q resulted in conversion of the new Ni-B
EPR signals to Ni-A signals, and reductive activation with
methyl viologen was slow X40 min), consistent with
activation of Ni-A124

the enzyme reactivates under anaerobic conditions on the reverse

scan. In panel C, an aliquot of P& solution, adjusted to the same

The experiments in Figure 44E show how these observa-

pH as the experimental buffer, pH 6, was introduced at about 0 V tions are addressed electrochemically. All the scans were

(indicated by a vertical arrow) to give a final concentration of 1
mM. Flushing the headspace with, Hhen removes the sulfide (as
H,S). In panel D, the same amount of /Sais 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

performed on different films of hydrogenase, so the current
magnitudes vary, and a low scan rate (1 mV)svas used.

During the reductive scan (black line) with the sulfide adduct
(formed after adding sulfide to active enzyme), the slow scan

to generate specific active or inactive states before injecting sulfide rate provides time for the enzyme to inactivate for a second

and removing it as k8. Other conditions: pH 6.0, 4%C, 1 bar
H,, electrode rotation rate= 2500 rpm, scan rate (AD) 3 mV

s %, (E) 1 mV s'¥. Reprinted with permission from ref 10. Copyright
2006 American Chemical Society.

further X-ray crystallography showed that the bridging S
atom was absent in the reduced fo¥th.

Following this lead, we undertook electrochemical inves-
tigations of the reaction ob. vulgaris MF [NiFe]-hydro-
genase with K5 and studied the properties of the inactive
product that is formed? The experiments shown in Figure
44 were carried out at pH 6, conditions under whici)SH
(pK = 6.8) is conveniently produced by dissolution of solid
NaS. A control experiment (Figure 44A, black line) carried
out at a scan rate of 3 mV~5 shows that anaerobic
inactivation is slow. Full inactivation is achieved by poising

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 O, (Ni-A and Ni-B (Unready and Ready), blue lin®).
Note that the exact positions for the switch potenti&lgcn

are shifted to slightly higher values than in panels[
because the scan rate is slower. Finally, in the experiment
represented by the green line, active enzyme was first
exposed to Ng& and then to @ The high potential
reactivation process is absent, but limited recovery occurs
at the samé&sien Value as Ni-A or Ni-B and further activity

is recovered during subsequent potential cycles (not sh&wn).
These results are consistent with formation of Ni-A being

the electrode potential at 244 mV for 15 min, and a negative particularly favored if the active enzyme is first exposed to
potential sweep (red line) reveals that reactivation occurs atsulfide (giving Ni-B) and then @, as suggested by Ogata

ca.—50 mV (the “switch” potential, as defined in section 6,

et al'® The possibility of a slowly reactivating
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species with an SO bridge cannot be ruled out. The Ni-A (Unready) rather than Ni-B (Ready). The information
inactivation/reactivation reactions proposed Barovulgaris on reactions with sulfide provided by voltammetric experi-
MF [NiFe]-hydrogenase based on interpretation of the ments is therefore highly relevant to spectroscopic and
electrochemical resultsin light of EPR and crystallographic  crystallographic studies. Hydrogen sulfide contaminates H

datd?* are summarized in Figure 45. prepared by steam reforming of hydrocarbéttsand the
resistance of hydrogenases to sulfides at mild oxidizing
Catalytically active . < potentials may enable them to be exploited as catalysts for
H
2e-i2H‘ = Q..  NiA(Unready) 8. Applications of Hydrogenases

8.1. Replacing Pt in Fuel Cells with Biological
Catalysts

The high electrocatalytic jbxidation activity of electrodes
modified with hydrogenase has suggested to several groups
EaHem,) -0:2 -0.1 0 +0.1 +02 ElVvs the possibility of employing hydrogenases in place of the Pt

_ _ _ SHE particles generally used as the anode catalyst in proton-
Figure 45. Representation of proposed reaction scheme for exchange membrane#D, fuel cellsé2100149The high Q

potential-dependent inactivation and reactivation reactions of cr o .
[NiFe]-hydrogenases under anaerobic conditions or in the presencetou—:‘r"’mCe of the btoxidation activity ofRalstonia eutropha

of O, and/or sulfide. The approximate potential regions indicated 16 [NiF€]-MBH, which retains about 20% activity in air
refer toDesulfaibrio vulgaris Miyazaki F [NiFe]-hydrogenase and ~ (S€€ section 7.1.2), suggested to us that an anode modified
apply for 45°C, pH 6, 1 bar H, and scan rate 1 mV-$. Reprinted with this enzyme should be able to function in a membrane-
and adapted with permission from ref 10. Copyright 2006 American less fuel cell using a second enzyme, laccase, a high-potential
Chemical Society. O-reducing enzyme, as the electrocatalyst at the catfdde.
The optimum pH for H oxidation byR. eutrophaNiFe]-
MBH is around 5, close to the pH-3 region favored by
laccase fromTrametesversicolor, a “white rot” wood
fungus?>t

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
A D. gigas hydrogenase B  A. vinosumhydrogenase electricity from H, and air without a separating membrane,

Other [NiFe]-hydrogenases also react with sulfide. The
enzymes from otheDesulfaibrio speciespP. gigas(Figure
46A) and D. fructosaorans (not shown), show similar
although slower reactivity compared to tBe vulgaris MF
enzyme. ThéA. vinosum[NiFe]-MBH (Figure 46B) reacts
much more slowly with sulfide, and to a lesser extent.

| providing that the gas streams were directed close to the
5 50 | Na;S ; ]
~ anode and cathode, respectivEThe open circuit voltage

< 4 < 40 Re- was about 980 mV, dropping as a load was connected across
2 3 330 i activation the cell to draw a current, giving rise to the power vs load
= 2 =2 r curve shown in Figure 47B. For comparison, the power/load

! 10 [ curve is shown also for a control experiment in which the

‘1:' 18 - more active but @sensitiveAllochromatiumzinosum[NiFe]-

MBH is employed at the anode (open circles). SinceRhe
06 ‘O‘L/‘%i %’E‘EO'z -0.6 '0‘:}\;0-2 SOH% 02 eutropha[NiFe]-MBH is completely insensitive to carbon
s ElVvs monoxide, introduction of CO in the fuel supply has no effect

Figure 46. Cyclic voltammograms recorded to explore the effect i
of sulfide on [NiFe]-hydrogenases from (A&). gigasand (B) A. on the cell voltage or power (Figure 47€5.

vinosum Other conditions: pH 6.0, 48C, 1 bar H, electrode e "o
rotation rate 2500 rpm, scan rate 3 mvisReprinted with  8.2. “Wireless Hydrogen™?
permission from ref 10. Copyright 2006 American Chemical

Society. We next pose the question, “can a certain hydrogenase be

sufficiently O,-tolerant that it will function as an electro-

Sulfate-reducing bacteria such@ssulfaibrio and purple catalyst in a fuel cell that can extract useful electrical power
sulfur bacteria such asllochromatiumcouple H oxidation ~ from air containing benign, low-levels of B’ This alterna-
to the reduction of sulfur (or sulfate) to sulfide. The PFV tive concept, which we term “wirelessH offers an extreme
results show that sulfide ¢3) is unable to inhibit [NiFe]-  challenge for an @tolerant hydrogenase, demanding opera-
hydrogenases at potentials more negative than ab&00 tion at <4% H; in air, a level that is noncombustibte’.
mV, and it is unlikely that potentials higher than this would ~ As discussed in section 7.1.2, the membrane-bound
be experienceth vivo. However, during cell disruption and  hydrogenase from the heavy metal resistant aeRaistonia
aerobic purification, it is possible that hydrogenase may be metalliduransCH34 is so tolerant to ©that >40% of the
exposed to sulfide at appropriate redox potentials and mayanaerobic level of loxidation activity is retained at ambient
therefore be isolated, at least partially, in a sulfur-trapped levels of Q, provided that the KHpartial pressure is high’
state. This reaction would be difficult to diagnose in solution However, activity is detectable even at just 3% iH air.
experiments without good potential control. Further, the This led us to explore the possibilities of a fuel cell operating
reaction of the sulfide adduct with,@ould result in Ni-A on a still mixture of trace Hin air, as shown in Figure 48A.
because an HS-ligand should be easier to displace than aAn open circuit voltage of 950 mV was recorded, and a
HO-ligand (in Ni-B) and this would occur under more maximum power of 5uW cm™2 was achieved at a cell
oxidizing conditions, predicted (see section 7.1.1) to produce voltage of approximately 500 mV.
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Figure 47. Operation of a membraneless/B, fuel cell, in which § 3L regions of graphite
H, is directed at a PGE anode modified wkh eutrophgNiFe]- 54l
MBH and air is directed at a PGE cathode modified with laccase o 5 . .
from T. versicolor. Each electrode has a surface area of 0.7,cm 02 00 02 o
and the electrolyte is aqueous citrate, 0.1 M, pH 5. The cell is - . : 4
operated at room temperature. Panel A: diagram of the cell. Panel E |V vs SHE
B: a plot of power vs applied load/f/R vs R, whereV = cell Figure 48. “Wireless hydrogen™fuel cell experiments under
voltage ancR = load) for the fuel cell (filled square®) and for demanding conditions. Panel A: Schematic representation of an
a control experiment (open circleS) in which the Q-tolerantR. enzyme fuel cell open to the gas atmosphere of 3%irHair

eutropha MBH-modified electrode is replaced by an electrode contained within a glass tank. The anode is modified withRhe
modified with the G-sensitiveA. vinosum[NiFe]-MBH. Panel C metallidurans [NiFe]-MBH, and the cathode is modified with
shows the power versus time course recorded with a 830kd: laccase. The hydrogenase must be sufficiently active and tolerant
introduction of CO has no effect on the power output. Reprinted to O, to compete with direct reduction of,@t bare regions of the
wtih permission from ref 128. Copyright 2005 National Academy PGE anode, which generates peroxide and superoxide species that
of Sciences, U.S.A. could potentially damage the enzymes. Panel B: A wrist watch
powered by three of these cells operated in series. Panel C: Power
Three cells connected in series provided sufficient power VS load curve for a single fuel cell recorded as the load was stepped
to allow a wristwatch to run for 24 h, fueled by the energy to progressively lower values (red solid circles). Data from control
. o ’ - experiments are also shown in which the anode is modified with
contained within a tank (12 L, a large volume relative to the

. 5 e an Q-sensitive hydrogenasa, vinosum[NiFe]-MBH (black open
amount of fuel consumed) of just 3% kh air (Figure 48B). circles), or is left bare (small green dots). Alternatively, a bare PGE

The power curve shown in Figure 48C reflects the behavior cathode is combined with th&. metallidurans[NiFe]-MBH-

of just one cell as the applied load is successively lowered. modified anode (open blue circles). Panels @ are reproduced
The power was fairly stable>(10 min) at each load above from ref 157 by permission of The Royal Society of Chemistry.
about 100 K, but below this, the power dropped very Panel D: Cyclic voltammogram recorded for a rotating PGE

rapidly and the open circuit voltage was not recovered when legtiogeogmgg%flfgt;\ggf.rgggiagggéarﬁ:\;|Z$ ]z_%iHsl(?rl]egtrlosﬂe
the circuit was disconnected. _ citrate buffer, pH 6, in contact with 3% air. (K. A. Vincent,
This behavior can be understood with reference to the Jj. A. Cracknell, M. Ludwig, O. Lenz, B. Friedrich, F. A. Armstrong.

voltammogram in Figure 48D, fdR. metallidurangNiFe]- Unpublished data.)
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fank flushied with air; oxidize dilute H in air, consistent with the physiological
o5 680k ook i'ﬁ':rk[;d ' role of this enzyme in an aerobes living at low partial
10 foar l:_;oiﬁccd | r ' pressures (see Figure 3). The advantages of certain hydro-
1 ok fachod ﬂNw'k% 3 genases as Hoxidation catalysts, in comparison to Pt,
08 p—_ on with N, I = include their high affinity for H, their ability to oxidize H
curve \ . oc 330 kO in air, and their high selectivity for Hover other small

ma

06 \3% Ha, c).QoO,V oc molecules such as CO or8. Hydrogenases functioning at

04 air injected L mild temperatures in aqueous conditions are unlikely to
\ / 1], compete with Pt in proton exchange membrane (PEM) fuel

02 - cells in which the catalyst is operated at elevated temperatures

‘\_ (sometimes>100°C) in a humidified gaseous environment.

00 ; ! ! 0 However, the selectivity of hydrogenases may open up novel
0 20 40 60 80 100 120 140

Time {mins)

Cell Voltage (V)

Power Density (LW cm?)

possibilities for energy technologies that explogt $durces

. o that are too dilute or contaminated to be suitable for
Figure 49. Variation in fuel cell voltage (blue) and power output  -gnventional Pt fuel cells.

(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. O€ Open circuit. Reproduced from ref 9. Conclusions and Outlook

157 by permission of The Royal Society of Chemistry. . . . I o
vp y ey Sty The high catalytic H reduction and bloxidation activities

MBH on a rotating graphite electrode under 3% iH air. of hydrogenases translate into high catalytic currents in direct
Under these demanding conditions, dxidation is sustained  electrochemical experiments, making protein film voltam-
only over a very narrow potential range, bounded at more metry (PFV) a sensitive and powerful technique for address-
negative potentials by competing @duction at bare regions  ing these enzymes. Whereas high turnover rates lead to rapid
of the graphite and at high potentials by inactivation of the depletion of substrate near the electrode (and the current
hydrogenase that is rapid under these conditions and causegesponse for a hydrogenase at a stationary electrode generally
the current to drop almost to zero at potentials higher than reports on little more than the rate of mass transport9f H
200 mV. Application of a low load in the fuel cell causes rotation of the electrode provides a convenient means to
the potential at the anode to rise into the region where the supply substrate and remove product at the electrode surface.
enzyme inactivates. Depletion of;ilose to the anode as  Providing interfacial electron transfer between the electrode
larger currents are drawn at low loads will make these and the enzyme is fast, the electrocatalytic current response
conditions even more challenging. provides significant insight into the potential profiles for
Fuel cell experiments not only explore ways in which activity and reactions of hydrogenases. The PGE electrode
hydrogenases may be applied in energy technologies, buthas proved to be an excellent conducting substrate for direct
they also provide information on the ability of hydrogenases adsorption of proteins, and highly electroactive films of a
from aerobic Knallgas bacteria to sustain activity under the number of [NiFe]- and [FeFe]-hydrogenases have been
highly demanding conditions that may be experiented  studied. The minimal sample requirement and ease of film
vivo. Figure 49 shows the effect of various manipulations preparation on this kind of electrode have enabled detailed
of gas environment or applied load on the cell voltage and comparisons of the properties of hydrogenases from different
power output for a single fuel cell as described above. The organisms or of the effect of site-directed mutations
electrolyte was first saturated withpHand then the cell was  comparative studies that would be difficult to achieve by
placed in an atmosphere of 3% kh air under open-circuit ~ spectroscopic or crystallographic methods that demand much
conditions. The open-circuit potential decreased over 20 minlarger quantities of enzyme. Remarkable variation in the
from 0.94 to 0.88 V as the gas composition of the electrolyte properties of hydrogenases has been revealed through PFV
equilibrated with that of the environment. A variable load experiments, in particular differences in their sensitivity to
was then connected to measure a power vs load curve,oxidative inactivation and small molecule inhibition, even
causing the cell voltage to drop as current was drawn (powerfor enzymes with very high sequence similarity. Only a small
increases). When open-circuit conditions were restored, thenumber of hydrogenases have so far been purified and
voltage climbed back to 0.87 V and remained stable. After examined in detail, and the discovery and isolation of new
10 min, a 680 K2 load was applied, causing the cell voltage hydrogenases is likely to lead to a library of enzymes with
to drop; the voltage then remained stable at 0.82 V evendiverse catalytic properties.
after introduction of 1% CO. After a further 5 min, the tank The electrochemical response is sensitive to potential-
was flushed with B, causing the cell voltage to drop below dependent variations in catalytic activity or other reactivities,
0.2 V. After reapplying open-circuit conditions and introduc- all of which might be overlooked in conventional solution
ing 3% H, and just 0.25% air to the Natmosphere, the  methods. Notable examples include the higher overpotential
voltage climbed to 1 V. Under these conditions, the open- for H, oxidation of Ralstonia eutrophdNiFe]-MBH com-
circuit voltage was reproducibly slightly higher than the value pared with other hydrogenases (approximately 80 mV), the
recorded at 3% kHand 97% air, although the power output high potential window for stability of the sulfide adduct of
dropped rapidly when a load was applied to draw current. Desulfaibrio vulgaris Miyazaki F [NiFe]-hydrogenase, and
After flushing the tank with air and readmitting 3%,H  the potential dependence of CO inhibition constantsCfor
sequential decreases in load gave decreases in voltage (witlfiructosaorans [NiFe]-hydrogenase. A voltammogram re-
increases in current). Finally, restoration of open-circuit sembles a spectrum with recognizable features, such as a
conditions gave 0.86 V, close to the initial value after fast or slow “switch off” in activity at high potential, or the
equilibration with the gas environment. potential-dependent release of an inhibitor. Protein film
The fuel cell experiments described in this section clearly voltammetry thus provides much more than just values of
demonstrate thaR. metallidurangNiFe]-MBH is able to reduction potentials, and where potentials are provided by
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PFV, they may refer to conditions in which the substrate is Desulfaibrio vulgaris (strains Miyazaki F or Hildenborough)
present, which is not possible in equilibrium potentiometric Megasphaera elsdenii
titrations. Pyrococcus furiosus

Electrochemical results can rarely be interpreted in isola- Ralstonia eutrophal16
tion: PFV provides information on reactions but not the Ralstonia metalliduran€H34
structures of species that react or form. Consider the “CEEC” Thiocapsa roseopersicina
reversible inactivatiorreactivation cycle of hydrogenases:
inactivation involves first a chemical reaction, i.e., a re- 11. Abbreviations
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 pgpg

EPR electron paramagnetic resonance
MBH membrane-bound hydrogenase
protein film voltammetry

pyrolytic graphite basal plane

that may be employed to generate well-defined states for pgg pyrolytic graphite “edge” surface
structural measurements. Electrochemical diagnosis of reacRHE real hydrogen electrode

tions, including potentials (thermodynamics) andates SCE saturated calomel electrode
(kinetics), therefore, goes hand-in-hand with spectroscopic SHE standard hydrogen electrode

or crystallographic structure elucidation. Challenges remain
for c)émpar?ngahe inherent activities of differentghydroge— 12. Acknowledgments
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