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Natural photosynthesis serves as an inspiration for the devel-
opment of sustainable fuel-producing systems. Solar energy
is utilized to drive redox catalysis energetically uphill, which
allows the storage of electromagnetic energy in the chemical
bond of a renewable fuel. Hydrogenases are metalloenzymes

that catalyze the reversible reduction of protons to hydrogen
at high rates with only minimal driving force. The utilization
of hydrogenases for hydrogen production by a range of ap-
proaches, from in vivo to artificial hybrid systems, is re-
viewed.

Introduction

The sun provides us with a continuous and practically
inexhaustible flow of energy, and the photochemical con-
version of solar to chemical energy in the form of the en-
ergy carrier H, attracts interest as a replacement for non-
renewable fossil fuels.! Currently, H, is produced by the
energy-intensive reforming of fossil fuels. Most relevant is
the endothermic Ni-catalyzed methane steam reforming of
natural gas to synthesis gas [CO/H, mixture; Equation (1)]
at high temperature and pressure. The slightly exothermic
water-gas shift reaction converts CO and H,O into fuel-cell
grade H, and one equivalent of the greenhouse gas CO,
[Equation (2)].1%!

The photolysis of water into its elements, H, and O,,
often referred to as artificial photosynthesis, is an attractive
route to produce the solar fuel H, [Equation (3)].1*! The en-
ergy carrier H, can then be used either directly as a fuel in
fuel cells or be further converted with CO to the liquid fuel
methanol™ or to hydrocarbons by Fischer-Tropsch chemis-
try.’] In addition to the prospect of being used as an energy
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carrier in the post-fossil-fuel era, H, already has consider-
able importance for current industrial processes, in particu-
lar in the production of ammonia fertilizer (the Haber—
Bosch process) and methanol and in petroleum refining.
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Artificial photosynthetic systems adopt the principles of
natural photosynthesis and mimic photobiological energy
generation, that is, light harvesting, charge separation, and
catalysis (Figure 1).[°! An excited photosensitizer (S*) acts
as a low-redox-potential reductant, and a catalytic module
uses its low-potential electrons at the electron-acceptor side
(Cr9) to carry out reductive chemistry (proton reduction).
An electron relay (R) is often needed to transfer the elec-
trons from the photochemical to the catalytic module. The
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necessary electrons can be delivered from the electron do-
nor side by water itself with a potent water oxidation cata-
lyst (C°*) to complete the redox cycle. The half-cell donor
and acceptor sides are often first studied separately in a
sacrificial system (electrons are provided and removed with
an external chemical reagent) or by electrochemical meth-
ods, but they must then be combined to achieve true water
photolysis.
Energy
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Figure 1. Schematic energy diagram of solar water photolysis. Sun-
light (hv) is absorbed by a photosensitizer (S), resulting in charge
separation and transport to deliver reducing and oxidizing equiva-
lents via a redox mediator (R) to an electron acceptor for H, pro-
duction (C™9) and to an electron donor for water oxidation (C¥),
respectively.

Selective and economical chemical catalysts are needed
for the central chemical conversion of water into H, and
0,."1 Noble metal catalysts such as Pt form H, from water
with minimal overpotential, but they are severely limited
for large-scale production of H,. Pt is not only too expens-
ive (limited resources), but also not substrate-specific (at
low potentials, Pt is an excellent O, reduction catalyst);
moreover, it is poisoned by several inhibitors (e.g., CO,
H,S). Biology has managed the complex task of catalyzing
the cathodic and anodic half reactions of water splitting by
using hydrogenases and the oxygen-evolving complex
(OECQ) of photosystem II (PSII), respectively.[®] Here, natu-
ral and hybrid solar H, production systems utilizing hydro-
genases are reviewed.

Hydrogen Cycling by Hydrogenases

Hydrogenases are widespread metalloenzymes in micro-
organisms, which utilize H, as a reductant to provide low-
potential electrons or reduce protons as the final electron
acceptor at an unusual organometallic active site.’] The
substrates — electrons, protons, and H, — are guided sepa-
rately in well-engineered pathways to and from the active
site. Excellent reviews about the structural,l'” biological,
and physiological role,''] and the spectroscopicl'? and elec-
trochemicall!'3] properties of hydrogenases are available.

Types and Structures of Hydrogenases

Three phylogenetically distinct classes of hydrogenases
are known to date. The FeS cluster free [Fe]-hydrogenase
is found in some hydrogenotrophic methanogenic archaea,
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where it is involved in the pathway that reduces CO, to
CH,4.'¥ [FeFe]-hydrogenases are present in bacteria and
some unicellular eukaryotes, and [NiFe]-hydrogenases are
found in bacteria and archaea.!'!l [FeFe]- and [NiFe]-hydro-
genases can catalyze the reversible oxidation of H, to pro-
tons and electrons [Equation (4)], whereas [Fe]-hydrogenase
only catalyzes the first step in the uptake reaction — the
heterolytic cleavage of H,.I’! The crystal structure of [Fe]-
hydrogenase shows that an octahedral low-spin iron is coor-
dinated in a bidentate fashion to a guanylyl pyridinol cofac-
tor with its sp?-hybridized nitrogen and 6-formyl group
forming an acyl-iron ligation, a CO, a cysteine, as well as
a binding site for an unknown ligand, and a solvent.l'> It
catalyzes the strictly substrate-dependent reversible re-
duction of methenyltetrahydromethanopterin with H, by
hydride transfer at a mononuclear iron active site to methyl-
enetetrahydromethanopterin.!®

For the second class, X-ray crystal structures of [FeFe]-
hydrogenases from the carbohydrate-fermenting bacterium
Clostridium pasteurianum,!'” the sulfate-reducing bacterium
Desulfovibrio desulfuricans (Figure 2),['® and the green alga
Chlamydomonas reinhardtii (HydA*FFC) have been deter-
mined.['”! [FeFe]-hydrogenases are mono- or dimeric en-
zymes of 45-65 kDa; their usual physiological role is to act
as a terminal electron acceptor, which leads to H, evol-
ution. The catalytic center is commonly referred to as the
H-cluster, which is composed of a ferredoxin-type
[4Fe-4S]y cluster linked to a [2Fe-2S] moiety, known as
“[2Fe]y”, via a cysteine sulfur atom. Each low-spin iron
atom of the [2Fe]y cluster is coordinated with one cyanide
(CN") and one or two carbon monoxide groups (CO); the
CO molecules sit in hydrophobic pockets, and the CN™ li-
gands are involved in hydrogen bonding to the protein.*"
The diiron center is bridged by a di-p-thiolate, which is
either a bis(thiomethyl)amine?'! or ether!!”" ligand. The
bridge-head y-group presumably acts as a proton shuttle for
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Figure 2. Enzyme ribbon representation and the corresponding
active site of (A) D. desulfuricans [FeFe]-hydrogenase with protein
data bank (PDB) code 1HFE!'® in its active form and (B) Desul-
fovibrio gigas [NiFe]-hydrogenase (PDB code 1YQ9)?*7 in the oxid-
ized inactive “Ni-A” state; bridging (hydro)peroxido ligand shown
in red. The small subunit is depicted in gray and the large subunit
in purple.
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the active site. The number of FeS clusters other than the
H-cluster varies widely in [FeFe]-hydrogenases. Prokaryotic
[FeFe]-hydrogenases use a “wire” of up to four FeS clusters,
the gram-positive anaerobic bacterium C. pasteurianum
[FeFe]-hydrogenase I is an example of an enzyme that uses
four sites for intraprotein electron transfer to and from the
H-cluster active site.l'’¥ In contrast, algal hydrogenases
lack this accessory subdomain in the unicellular green alga
Scenedesmus obliquus HydA and the smallest [FeFe]-hydro-
genase, C. reinhardtii HydA1.[1%22]

In the third class of hydrogenases, crystal structures for
several periplasmic [NiFe]-enzymes from sulfate-reducing
bacteria (Figure 2)?% and a preliminary structure of the
membrane-bound hydrogenase from the photosynthetic
purple sulfur bacterium Allochromatium vinosumP* are
available. The active site in these hydrogenases is embedded
in the large subunit with two terminal and two bridging
cysteine molecules coordinated to the Ni center, leaving two
cis coordination sites available for substrate binding in the
reduced, active form of the enzyme. Terminal CO and CN~
ligands, in addition to the cysteine bridges, surround the Fe
ion active site. FeS clusters in the small subunit facilitate
intraprotein electron translocation, and the proximal
[4Fe4S] cluster is located within 14 A of the active site.[2*!
Crystallographic analysis of Desulfovibrio fructosovorans
[NiFe]-hydrogenase in a Xe atmosphere and molecular dy-
namics simulations identified hydrophobic tunnels for gas
transport,?*® and gas-transport kinetics were studied ex-
perimentally by electrochemical methods.[

Hydrogenases as Catalysts

Hydrogenases show high catalytic currents when ad-
sorbed on an electrode surface, and for most enzymes the
current trace cuts the zero-current line cleanly at the
thermodynamic potential of the H*/H, couple (Fig-
ure 3).12°1 Thus, most hydrogenases operate reversibly and
require only a minimal overpotential to work in either di-
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Figure 3. Protein film voltammogram of D. desulfuricans [FeFe]-
hydrogenase adsorbed on a pyrolytic graphite edge (PGE) elec-
trode. The current (activity of the enzyme) is plotted as a function
of potential under Ar (gray line) and H, (black line). Negative cur-
rents correspond to proton reduction and positive currents to H,
oxidation. The red circle indicates the sharp cut through zero-cur-
rent; only a minimal driving force is needed for reversible redox
catalysis. Experiments were conducted at 10 °C, pH 6.0, a scan rate
of 50 mV s! and an electrode rotation rate of 2500 rpm. Adapted
with permission of the Royal Society of Chemistry from ref.[8]
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rection. The turnover frequency for H, oxidation was
estimated electrochemically to reach approximately
5% 10*s 1271 Some hydrogenases also operate with high
efficiency in the presence of conventional Pt inhibitors such
as CO and H,S.I'3!

Different hydrogenases have distinct properties and are
selected for their suitability as enzyme H, production cata-
lysts according to the following selection criteria: the en-
zyme must (1) be a good H, producer, (2) not be strongly
inhibited by its product, H,, and (3) operate in the presence
of 0,.281 The ability of a hydrogenase to operate in the
presence of O, is not only a prerequisite for a catalyst for
the combustion of H, and O, in an enzyme fuel cell,*’ but
also a necessary attribute for enzyme-catalyzed production
of H,, where some O, is present from air or is produced as
a by-product from water splitting.

[NiFe]-hydrogenases generally show improved robustness
towards O, than the O,-sensitive [FeFe]-hydrogenases.
However, the former are traditionally also known for being
biased towards H, oxidation rather than proton reduction,
and H, production by [NiFe]-hydrogenases is normally
strongly inhibited by H,.l'%! An O,-tolerant hydrogenase
shows a slow reactivity with O, and/or fast reactivation
rates upon aerobic inactivation.l?8! Slow access of O, may
also help protect some hydrogenases from O,. Recovery
from an inactive state involves the thermodynamics and ki-
netics of reductive reactivation.[3"

Aerobic inactive states in [NiFe]-hydrogenases are usu-
ally due to the formation of paramagnetic Ni'™ species, and
either an unready Ni-A state (O, partially reduced by two
electrons; presumably bridging hydroperoxido species) or a
ready Ni-B state (O, fully reduced by four electrons; bridg-
ing hydroxide and water elimination) is formed.l*!l The ratio
of these Ni'" forms depends upon the conditions, in par-
ticular on the availability of electrons (redox potential), and
is highly hydrogenase-specific.[*?! Fast reactivation only oc-
curs with the ready Ni-B state, whereas reactivation from
the unready Ni-A state is very slow, making the enzyme
unsuitable to operate in the presence of O,.*% The forma-
tion of unready states may be delayed or prevented by (1)
increasing the redox potential of the proximal FeS cluster
as suggested for certain membrane-bound [NiFe]-hydro-
genases,*¥ (2) by substituting a cysteine ligand of the Ni
by a selenocysteine (see below), or (3) by decreasing the
reactivity towards O, through changes in the immediate
active site environment or mutating residues located in the
gas tunnel to the [NiFe]-site.[>3?-34]

Intermolecular Electron Transfer

Electron transfer between the distal FeS cluster of a hy-
drogenase and an electron donor/acceptor is of particular
relevance for the construction of artificial photosynthetic
systems. The natural redox partner of a hydrogenase de-
pends on its function and location inside the cell.l’3] The
physiological role of a periplasmic hydrogenase is typically
to derive reducing equivalents from H, as an “uptake” hy-
1007
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drogenase. Electrons derived from the H, metabolism are
used, either directly or indirectly, to reduce NAD(P)* via
the quinone pool. The protons create a transmembrane pro-
ton gradient that is thought to be coupled to ATP synthesis
in the cytoplasm.?”! Soluble periplasmic H, uptake hydro-
genases transfer the electrons via a c-type cytochrome (Cyt-
¢) to the cytoplasmic side of the membrane,*¢! whilst mem-
brane-bound periplasmic hydrogenases commonly bind to
Cyt-b to provide electrons to the quinone pool.

[FeFe]-hydrogenases of green algae and cyanobacterial
membrane-bound energy-converting [NiFe]-hydrogenases
receive an excess of low-potential electrons at the end of the
photosynthetic electron transfer chain and exchange elec-
trons with ferredoxin to use protons as electron acceptors
and generate H,.['" Algal [FeFe]-hydrogenases, for example,
from C. reinhardtii [FeFe]-HydA, have an overall negatively
charged surface, but leave a positively charged electrostatic
surface binding niche for the negatively charged electron
donor of the photosynthetic electron transfer ferredoxin
(PetF).[31 On the other hand, a negative site is observed
at the electron-entry site of [NiFe]-hydrogenase (Figure 4),
complementary to the positively charged patches on soluble
Cyt-c.23d]
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Figure 4. Desulfomicrobium baculatum [NiFeSe]-hydrogenase (PDB
code 1CC1):1?*1 (A) reduced active site and (B) looking down the
electron-transfer relay into the enzyme from the distal cluster. The
surface charge was modeled with a simple vacuum electrostatic
model in Pymol; color-coding: red: negative, blue: positive electro-
static charge. The glutamate- and aspartate-rich surface environ-
ment around the distal FeS cluster is a common feature for peri-
plasmic [NiFe]-hydrogenases.

Specific Properties of Selected Hydrogenases

The location and function of a hydrogenase in the cell
reflects the enzyme’s properties and bias towards H, pro-
duction or oxidation. [FeFe]-hydrogenases are appealing H,
production catalysts, because they have a higher catalytic
activity for H, evolution than their [NiFe]-analogues. How-
ever, irreversible inhibition and degradation of [FeFe]-hy-
drogenases by O, is a major bottleneck in their utiliza-
tion.’8] Much attention is currently focused on the cyto-
plasmic [FeFe]-hydrogenase from bacterial C. pasteurianum
LU7al algal C. reinhardtii [FeFe]-Hyd A1, and bacterial C.
acetobutylicum [FeFe]-HydA 140

Unlike algal [FeFe]-hydrogenases, [NiFe]-hydrogenases
are reversibly inhibited by O,, and some of them can even
perform catalysis in the presence of O,. Three prototypical
[NiFe]-hydrogenases are found in the aerobic Knallgas bac-
terium Ralstonia eutropha H16, which act in the presence of
1008
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O, both in vivo and as isolated enzymes:[*!! the periplasmic
membrane-bound hydrogenase (MBH) and cytoplasmic
soluble hydrogenase (SH) are uptake hydrogenases, and a
regulatory hydrogenase (RH) acts as a H, sensor in a signal
transduction pathway, which controls hydrogenase gene ex-
pression.?3 R eutropha [NiFe]-MBH is remarkably robust
towards O,.331 Adsorbed on a pyrolytic graphite edge
(PGE) electrode, it was used as the anode in a mem-
braneless enzyme hydrogen fuel cell coupled with an O»-
reducing cathode coated with laccase or bilirubin oxidase
(Cu oxidase).[*! Although the X-ray crystal structure of R.
eutropha [NiFe]-MBH remains elusive, much information
on its biosynthesis, overproduction, and biochemical prop-
erties is available, and it is also accessible to genetic engi-
neering.*31 Unfortunately, H, evolution in R. eutropha
[NiFe]-MBH is strongly product-inhibited, limiting its suit-
ability as H, evolution catalyst.[?]

Membrane-bound [NiFe]-hydrogenase I from the ther-
mophilic bacterium Agquifex aeolicus™*3! oxidizes H, with
high turnover at elevated temperatures in the presence of
O, and CO. As for R. eutropha [NiFe]-MBH, the “unready”
Ni-A state is not observed upon exposure to O,;#4 this is
a notable common feature of O,-tolerant [NiFe]-hydro-
genases.’Y) Three [NiFe]-hydrogenases are expressed in the
enterobacterium Escherichia coli. The membrane-bound H,
uptake enzymes E. coli [NiFe]-MBHyd1 and MBHyd2 are
both located in the periplasm. Electrochemical studies have
shown that Hydl1 is active for H, oxidation, but it does not
operate in the reverse direction, whereas Hyd2 can operate
as a bidirectional hydrogenase.[*] Hyd1 oxidizes H, even in
the presence of air, whereas MBHyd?2 is O,-sensitive at high
potential and does not oxidize H, under aerobic condi-
tions.[*] Cytoplasmic E. coli [NiFe]-Hyd3 is responsible for
H, evolution under fermentative conditions.[*®! E. coli
[NiFe]-MBHyd1 attached to a PGE electrode was employed
as the anode in an enzyme fuel cell,>¥ and A. aeolicus
[NiFe]-MBH also appears to be a suitable candidate.™”!

[NiFeSe]-hydrogenases are a subclass of [NiFe]-hydro-
genases that contain a selenocysteine instead of cysteine co-
ordinated to the Ni site (Figure4) and contain a third
[4Fe4S] cluster instead of the medial [3Fe4S] cluster in com-
mon [NiFe]-hydrogenases.[>**! Examples are the [NiFeSe]-
hydrogenases from the sulfate reducing bacteria Desulfomi-
crobium baculatum and Desulfovibrio vulgaris Hildenbor-
ough, in which the replacement of a sulfur by a selenium
appears to cause an improved catalytic function towards H,
production.®! D, baculatum [NiFeSe]-hydrogenase is re-
activated from O, inactivation at low potential under anaer-
obic conditions and operates in the presence of small
amounts (< 1%) of O, at low potential (Figure 5).[*! Aero-
bic treatment of D. vulgaris Hildenborough and D. bacula-
tum [NiFeSe]-hydrogenasel? results in EPR-silent states
with diamagnetic Ni?*,>!1 and the absence of a bridging
ligand was identified by X-ray crystallography in the oxid-
ized as-isolated state.’! The fast inhibition of [NiFeSe]-hy-
drogenase activity by O, and its fast reactivation under re-
ducing conditions was explained by oxidation of the ter-
minal ligand of the active site Ni, instead of the direct at-

Eur. J. Inorg. Chem. 2011, 1005-1016



Solar Hydrogen Evolution with Hydrogenases

Eur/IC

European Journal
of Inorganic Chemistry

tachment of O, to the bridging site between Ni and Fe.’?
20 Thus, the molecular details of the aerobic inactivation path-
way are distinct from those in common [NiFe]-hydro-
genases, where Ni-A and Ni-B states are observed in the
! = oxidized forms. [NiFeSe]-hydrogenase becomes the major
hydrogenase expressed by D. vulgaris Hildenborough when
selenium is available, which leads to a down-regulation of
the [NiFe]- and [FeFe]-hydrogenases.[>]
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Solar Hydrogen Evolution

Oxygenic organisms use solar energy in two separate
light-driven steps in photosystem I (PSI)I*3! and PSIIP4 for
energetically uphill oxidation/reduction processes during
natural photosynthesis. The source of electrons is water,
which is photo-oxidized at the OEC to produce O,. The
electrons extracted from water are shuttled from PSII along
the photosynthetic electron-transport chain and PSI to a
freely diffusing ferredoxin;>*! the dissociation constant (K
value) of a PSI-ferredoxin complex from the cyanobacterial
Synechocystis sp. strain PCC 6803 was determined to be

'
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Figure 5. (A) Protein film voltammogram (1 mV s™') of the enzyme

adsorbed on a rotating-disc PGE electrode at pH 6 at 25 °C under
1 bar H,. At 0 mV vs. NHE on the positive direction scan, O,-
saturated buffer was injected and then removed by flushing the
headspace in the electrochemical cell with H,. The circle indicates
that full reactivation of the O,-inactivated enzyme occurs on the
return scan just before the thermodynamic H*/H, redox potential.

0.14-0.38 um by backscattering interferometry.l’®! Ferre-
doxin usually transfers electrons to a ferredoxin-NADP-ox-
idoreductase (FNR) that reduces NADP* to NADPH, an
electron source for the reduction of CO, to carbohydrates
in the Calvin cycle (Figure 6).1°

(B) Chrono-amperometric experiment at pH 6 and 30 °C. The en-
zyme was poised at low potential (-0.45 V vs. NHE) under chang-
ing atmospheres of Nj, 1% CO in N,, 1% O, in N,, and 1% O, +
1% CO in N, as indicated on top of the plot. An exponential cur-
rent loss results from film loss. Adapted with permission of the
American Chemical Society from ref.[*’]

H, Evolution by Natural Photosynthesis

The energy-converting photosynthetic machinery can be
utilized under special conditions for photobiological H,
production either through oxygenic photosynthesis by some

(A) Natural System (B) Hybrid System

E/V vs. NHE
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———

Figure 6. (A) Energy diagram for oxygenic photosynthesis in green algae linked to H, production by a [FeFe]-hydrogenase. Electrons
originate either from the oxidation of water at the OEC of PSII or from the oxidation of endogenous cellular substrates. Chlorophylls
P680 and P700 act as reaction centers for the absorption of light. Electron transport components are the PSII tyrosine residue (Y),
pheophytin (Ph), the terminal PSII electron acceptor plastoquinone (Q), cytochrome bgf, plastocyanin (PC), electron acceptors A, and a
[4Fe4S] cluster; ferredoxin (Fd) acts as the physiological electron mediator to the hydrogenase (H,ase). The competing reduction of
NADP™* via FNR is also shown (see text). (B) Hybrid hydrogenase-based H, production system. Upon excitation by visible light in the
presence of a sacrificial electron donor D, a synthetic dye injects an electron into the conduction band of TiO,. The electrons are
transferred either (i) directly to the hydrogenase attached to the metal oxide nanoparticle,!'%% or (ii) via an external circuit to a hydrogenase
attached to a cathode in a photoelectrochemical enzyme fuel cell.8%
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green algae and cyanobacteria, or through non-oxygenic
photosynthesis in purple photosynthetic bacteria.>”! Proto-
typical H, production occurs in algal C. reinhardtii, where
[FeFe]-HydA1 catalyzes the evolution of small amounts of
H, from the photolysis of water shortly after light shines
on dark anaerobic algal cultures. Thereby, protons serve as
the electron sink, and electrons are derived from the short-
lived reoxidation of the photosynthetic electron-transport
chain from PSII and PSI to ferredoxin,?72%8! producing a
transient H, burst.[>”1

H, production in photosynthetic oxygenic microorga-
nisms faces major limitations, some of which are: (1) O,-
dependent down-regulation and O, sensitivity of hydro-
genases, (2) competitive use of photosynthesis-generated re-
ducing equivalents by other physiological functions, and (3)
low light saturation properties of algal photosynthesis due
to the large chlorophyll antenna system. Algal [FeFe]-hy-
drogenases are not only O,-sensitive, but they are also only
expressed in the absence of O,. In addition, atmospheric
CO, is ultimately the preferred terminal electron acceptor,
even in the presence of an active hydrogenase. A solar con-
version efficiency of five to ten percent was demonstrated
in vivo with C. reinhardtii under low light intensities (to
avoid limitations by light saturation) and by keeping very
low partial pressures of O, and CO, by purging the reactor
with an inert gas (Figure 6).372:60

Sustained photobiological H, production in green algae
can be achieved by separating H, production from O, evo-
lution activity by inhibition of the photosynthetic apparatus.
One example is the growth of C. reinhardtii cultures de-
prived of sulfur, which results in the reversible inhibition of
their photosynthetic activity due to nutrient stress, whilst
mitochondrial respiration is left essentially unchanged. The
diminished photosynthetic activity is due to down-regula-
tion of the catalytically active D1 subunit of PSII and re-
sults in a decline in light-driven water oxidation.[®!] Once
respiration consumes more O, than residual photosynthesis
can deliver, cells become anaerobic and induce the revers-
ible hydrogenase pathway of electron transport, allowing
for sustained photosynthetic production of H,.[°? The re-
duction of protons is induced, because it is used by the cell
as a sink for (excess) electrons that result from endogenous
substrate (starch and protein) breakdown.[3%-61-63]

H, Evolution In Vitro with Natural Components

Coupling the photosynthetic system with a hydrogenase
in vitro causes the light-driven liberation of O, and H,. Ir-
radiation of a multicomponent system containing a freshly
isolated Chenopodium album chloroplast, ferredoxin, and C.
pasteurianum 1 [FeFe]-hydrogenase evolved H, at a rate of
96 umol H, (mg chlorophyll) 'h! at 25 °C.[% However, the
fragile nature of the photosystem and the accumulation of
O, in this process results in a fast depletion of H, pro-
duction. A system consisting of spinach grana, NADP™,
FNR, NAD", and the soluble [NiFe]-hydrogenase from R.
eutropha H16 was also shown to split water by using visible
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light at pH 8 and room temperature over the course of
10 h.I°*1  Photoreduction of hexachloroplatinate(IV),
[PtClg]*, in a solution containing spinach chloroplasts re-
sults in precipitation of metallic Pt on PSI, and continued
illumination enables the photosynthetic splitting of water
into its elements.® No electron relay was present in the
system, and colloidal Pt was directly in contact with the
reducing end of photosystem I in such a way that electron
flow occurred across the interface between the biological
membrane and the metal colloid.

Solar H, Evolution with Hydrogenases in Solution

H, is readily evolved and assayed in the laboratory by a
chemical multicomponent system consisting of a hydro-
genase, a soluble redox mediator, and a source of low-po-
tential electrons. The last can either (1) be provided by a
reducing agent (e.g., dithionite, Na,S,0,4) or (2) be photo-
catalytically generated by a photosensitizer (Figure 7). A
suitable redox mediator is crucial for electron storage and
as an electron-transfer reagent to the enzyme for H, evo-
lution. The excited-state reduction potential (E*) of the
photosensitizer must be more negative than the pH-depend-
ent H*/H, reduction potential, and the potential of the re-
dox mediator must lie between E* of the photosensitizer
and the H*/H, potential.l®”]

A - ..
D‘)';i A

s

multicomponent system
diffusion controlled (sfow) ET

e-
DY Q&\ _ Hz
Ji@(
D < H*
single-component system
direct (fast) ET

D

Figure 7. Classification of (A) a multicomponent and (B) a single-
component system. The electron relay, R, in B links the photosensi-
tizer, S, directly to the proton-reduction catalyst, C'.

Diffusion-Controlled Systems

Chloroplasts and ferredoxin can be replaced by a chloro-
phyll-inspired photosensitizer based on Zn porphyrin and
Cyt-cs, respectively. Cyt-c is a natural electron carrier for
periplasmic hydrogenases (see above), and it is suitable as
an electron mediator in a multicomponent system with
ZnPPS; (Zinc meso-tetraphenylporphyrintrisulfonic acid)
and membrane-bound [NiFe]-hydrogenase from Desulfovib-
rio vulgaris Miyazaki F in the presence of a sacrificial elec-
tron donor (triethanolamine).l®8! A system consisting of
[Ru(bipyridine);]** or ZnPPS;, bipyridinium chloride
(methyl viologen, MV?*) as redox mediator, and D. vulgaris
Miyazaki F [NiFe]-MBH was extensively studied.[®] Ad-
dition of Cyt-c3 to the latter system results in reductive
quenching of Cyt-c; by MV™ and accelerated electron trans-
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fer to D. vulgaris [NiFe]-MBH via the natural redox partner
of the enzyme.[’” Photoinduced H, evolution is also ob-
served upon irradiation of a Cyt-cs—viologen—ruthenium(II)
triad complex and D. vulgaris Miyazaki F [NiFe]-MBH at
pH 7.4 in an electron-donating buffer medium."!

Photocatalytic H, production activity does not solely de-
pend on the hydrogenase activity, but also on the other
components of the photosystem. Common photosensitizers
are [Ru(bipyridine)s]>*>* complexes (. = 450 nm, E* =
—0.86 V vs. NHE)"?I or porphyrinoid complexes (Ap.x =
500-700 nm),[3 all of which absorb in the visible region of
the solar spectrum to form a relatively long-lived excited
state. The redox potential of a redox mediator, such as bi-
pyridinium salts, lies in the range between —0.8 and —0.4 V
vs. NHE, which is between E* of the photosensitizer and
the H*/H, reduction potential. If the potential of the redox
mediator becomes more negative, the driving force for
quenching the excited photosensitizer decreases, but the
thermodynamics become more favorable for H, production.

The stability of the photosensitizer and redox mediator
are also important. For example, bipyridyl ligands coordi-
nated to ruthenium(I1I) (formed in the photocatalytic cycle)
are susceptible to nucleophilic attack (e.g., in alkaline aque-
ous solution by hydroxide ions). Photodecomposition
(bleaching) of ruthenium bipyridyl complexes is initiated
either by pseudobase formation (breaking of aromaticity by
covalent addition of hydroxide to coordinated bipyridyl li-
gand) or nucleophilic attack of hydroxide at the ruthenium
metal center.[4]

A major drawback of the described homogeneous, multi-
component system for H, evolution is that the electron
transfer is single and diffusion-limited, and that aeration of
the solution leads to immediate quenching of the reduced
electron mediator by O,. To overcome these limitations, di-
rect electron-transfer-mediated systems with directly linked
chromophore-hydrogenase complexes are under develop-
ment (Figure 7).

Direct Intermolecular Electron Transfer

Although electron transfer from chemically or photore-
duced spinach PSI to free C. pasteurianum [NiFe]-hydro-
genase I and II occurs directly (in the absence of mediators)
in vitro, presumably via the terminal electron acceptor of
PSI (FA/Fg in PsaC),l””! the direct coupling of a hydro-
genase to photosystem I via a molecular or protein wire has
emerged as a strategy to promote fast electron transfer.[’®!
A molecular wire of 1,6-hexanedithiol was utilized to link
mutated PSI and a [FeFe]-hydrogenase. PSI, which was re-
built by using the CI13S/C33S variant of PsaC, was con-
nected with 1,6-hexanedithiol to the C98G variant of C.
acetobutylicum [FeFe]-HydA or the C225G variant of C
reinhardtii [FeFe]-HydA, which have a mutated, open-coor-
dination-site distal FeS cluster. Cyt-c, and ascorbate were
added to act as electron donor to PSI. The construct pro-
duces H, at a rate of approximately 0.14 mol H, (mol hy-
drogenase) 's ! during irradiation (Figure 8).[7¢
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C98G variant of
Ca [FeFe]-H

1,6-hexanedithiol wire

Figure 8. Covalent linkage of PSI to C. acetobutylicum [FeFe]-hy-
drogenase via a 1,6-hexanedithiol wire, which is not drawn to scale
for clarity. Reprinted with permission of the American Chemical
Society from ref.[7¢]

R. eutropha [NiFe]-MBH was coupled to the electron-
acceptor side of PSI from cyanobacterial Synechocystis
PCC 6803 or Thermosynechococcus elongatus via its elec-
tron-accepting subunit PsaE.’"7 First, a hydrogenase-PsaE
fusion protein was constructed by substituting the mem-
brane anchor domain in the small subunit of R. eutropha
[NiFe]-MBH by a Gly-Gly linker peptide, which was then
fused to PsaE. The purified hydrogenase-PsaE complex
showed almost fully remaining wild-type activity. Then,
spontaneous association of the hydrogenase-PsaE fusion
protein with the PsaE-free PSI generated the hydrogenase—
PSI complex, which produced 0.58 umol H, (mg chloro-
phyll)y 'h™! in the presence of ascorbate and TBDB
(N,N,N',N'-tetramethyl-p-phenylenediamine) as electron
donors.”’?! Irradiation of the immobilized R. eutropha
[NiFe]-MBH-PsaE—PSI complex on a gold electrode poised
at 90 mV vs. NHE in the presence of the redox mediator
N-methylphenazonium methyl sulfate (PMS; electron donor
for P700 in PSI) was also reported to yield H,.I"8!

Hydrogenases on Solid State Support

Attachment of an electroactive hydrogenase to a con-
ducting surface allows (1) the study of the inherent proper-
ties of the enzyme under potential control and different
conditions by a suite of electrochemical techniques, (2) ac-
celeration of the diffusion-based step and multielectron
transfer at the protein/surface interface, and (3) assembly of
heterogeneous catalytic systems for the (photo)electrolysis
of water.

Hydrogenases on Electrodes

Information from protein film electrochemistry (PFE) is
crucial to select a suitable enzyme on a specific substrate for
a particular application.'32°l Predominantly carbon-based
electrodes are used in PFE, in particular the PGE elec-
trode,l””! but also carbon felt®” and more recently nano-
tubel®! electrodes have been employed. [FeFe]- and [NiFe]-
hydrogenases have also been attached to Au surfaces with a
self-assembled monolayer of carboxy- or amino-terminated
1011
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mercaptans, respectively, to record surface-enhanced IR ab-
sorption (SEIRA) spectra of immobilized hydrogenase.[®?! -
Cyanide and carbon monoxide stretching modes give
unique and strong marker bands for the active site and al-
low the investigation of the different states of the enzyme.

A drawback of adsorbing enzymes on a carbon-based
electrode is often their poor electrocatalytic coverage and
stability. Covalent immobilization of a D. gigas [NiFe]-hy-
drogenase can be achieved by linking the glutamate residues
around the distal FeS site of the enzyme to an amine-modi-
fied PGE or multiwalled carbon nanotube electrode by the
formation of an amide bond (Figure 9).[83 The orientation
of the enzyme during attachment is controlled by the pH
value of the solution through electrostatic interaction with
the electrode. The distal FeS cluster of the enzyme is em-
bedded in the negative region of the enzyme dipole (see be-
fore), which is attracted by Coulomb forces to the positively
charged ammonium groups at the electrode surface, thereby
allowing for site-specific covalent attachment of the hydro-
genase. Approximately 90% of the initial activity of the en-
zyme remained after one week of continuous measurement
in an H, atmosphere at room temperature.[®3

O:N QN QOaN
% -
oy
VYAVAY
; %
NN N
+

(B)
[NiFel-hydrogenase

Coulomb attraction

PeE |

Figure 9. (A) Functionalization of a PGE surface by electrochemi-
cal reduction of a nitrophenyldiazonium salt, resulting in a mono-
layer of phenylamine-functionalized graphite. (B) Covalent grafting
of D. gigas [NiFe]-hydrogenase to an amine-modified PGE elec-
trode through an amide bond. The pK, of the amine is approxi-
mately 6.9, and the solution has pH 6.183

Even though graphite lacks useful photocatalytic proper-
ties, it can be used as electrode material in a photoelectro-
chemical device. C. acetobutylicum [FeFe]-HydA shows a
high proton-reduction current (40% of that obtained at a
Pt electrode with the same electrode area) when immobi-
lized on a carbon felt (high-surface-area web of low-cost
amorphous carbon fibers) electrode and used as the cath-
ode in a photoelectrochemical enzyme fuel cell fitted with a
dye-sensitized TiO, nanoparticle photoanode and a proton
exchange membrane (Figure 10). Illumination of the por-
phyrin-sensitized TiO, nanoparticle photoanode results in
photosensitizer excitation and electron transfer to the TiO,
conduction band (CB). The oxidized radical porphyrin is
recovered by oxidation of NADH, regenerating the ground-
1012
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state porphyrin. CB electrons are transferred via an external
circuit to the hydrogenase-modified PGE cathode, where
proton reduction occurs (Figure 6B).[80-84]

Hydrogenase-modified -
carbon felt cathode

Dye-sensitized
TiO, photoanode

Y
.Hz\ /NADH
electrolyte
PEM — solution

Figure 10. Schematic diagram of a photoelectrochemical enzyme-
fuel cell. A porphyrin-based dye is excited by visible light and in-
jects an electron into the conduction band of TiO,. The electron
reaches the hydrogenase cathode via an external electrical circuit
to reduce protons. The oxidized dye is regenerated by the sacrificial
electron donor NADH.[8%

Hydrogenases on Particles

Hydrogenases can be adsorbed on particles, and they
were shown to catalyze H, production or oxidation when
coupled with a suitable complementary enzyme redox part-
ner. The direct adsorption of A. vinosum [NiFe]-hydro-
genase and nitrate reductase from E. coli NarGHI (or fum-
arate reductase from E. coli FrdAB) on graphite platelets in
the presence of sodium nitrate (or sodium fumarate) in H,-
flushed buffer results in oxidation of H, and production of
nitrite (or succinate).® The water-gas shift reaction [Equa-
tion (2)] was catalyzed with quantitative consumption of
CO at pH 6 and room temperature when E. coli [NiFe]-
Hyd2 and [Ni4Fe]-carbon monoxide dehydrogenase from
Carboxydothermus hydrogenoformans were co-attached on a
graphite particle.l8!

Nanoparticles can serve as semi-heterogeneous supports,
as they can be readily dispersed in solvents with their high
surface area.[®”) The photocatalytic properties of the semi-
conductor TiO, have been widely recognized for decades,®®
and a photoinduced charge-separated state can be coupled
to fuel-forming redox reactions.?”] The TiO, CB potential
is more negative than that of the H*/H, redox couple, al-
lowing for the reduction of protons to evolve H, in the pres-
ence of a suitable catalyst. Early reports demonstrated that
H, evolves from water when TiO, nanoparticles are dis-
persed in the presence of a sacrificial electron donor, a re-
dox mediator (methyl viologen), and an isolated hydro-
genase,” or even when whole bacterial cells from Clostrid-
ium butyricum are used.®!! Direct electron transfer (in the
absence of a soluble redox mediator) between TiO, and a
hydrogenase was observed for a [NiFe]-hydrogenase from
C. pasteurianum, D. desulfuricans Norway and D. baculatus
9974,°21 and the purple sulfur phototrophic bacterium
Thiocapsa roseopersicina.®®! In these systems, aqueous dis-
persions of TiO, powder and a hydrogenase yielded H,
upon UV band gap irradiation of TiO, (4 < 380 nm) in a
sacrificial buffer medium.
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Although TiO, is the prototypical semiconducting pho-
tocatalyst,® alternative photocatalysts with improved
properties are being investigated.®! Direct photoinduced
electron transfer from a CdTe nanocrystal to C. aceto-
butylicum [FeFe]-HydA yields 25mol H, (mol hydro-
genase) 's™! and a quantum yield of 1.8% under standard
sunlight (AM 1.5 irradiation) in the presence of ascorbic
acid.® Irradiating aqueous suspensions of CdS coupled to
[NiFe]-hydrogenase from 7. roseopersicina in the presence
of formate results in the production of metallic Cd and H,,
CO and CO,. Cd°® was suggested to activate direct CB elec-
tron transfer to the hydrogenase.l”]

Protein film electrochemical studies with various hydro-
genases attached on a thin film nanoparticle TiO,-ITO
(ITO: indium-doped tin oxide) electrode lead to the selec-
tion of a titaniaphilic hydrogenase — D. baculatum [NiFeSe]-
hydrogenase. The electrochemical response of this hydro-
genase showed high electrocatalytic activity for H, pro-
duction and high stability at neutral pH, a feature ascribed
to the remarkable biocompatibility and hydrophilicity of
TiO,. About 80% of the electrocatalytic activity was re-
tained after 48 h and 50% after storage for one month in
the electrolyte solution at room temperature under N,.[%8
Strong interactions of TiO, with several amino acids®® as
well as other enzymes are well known.['% Particularly
strong interactions have been reported for the acidic amino
acids aspartic and glutamic acid with TiO,,['°! and the lat-
ter binds to TiO, even in alkaline medium (pH 8).['0% D,

A
visible light electron (energy)
absorption \ transfer to CB
reaction center
= (active site) _ H,
D* \ H*
\\ hydrogenase

photosensitizer on particle enzyme kept at constant potential

(TiO3) surface (= CB energy of TiO3) during
irradiation (steady state conditions)
B Current / A
E% (CB TiOy) 5
o
“E (RuM/Ru"™) [E2" (H'1H,) [ sourem? |3
~
pn o
5% Hy, pH 6
Potential / V

- Hs production rate g
; (proportional current) 5
B
o
driving force a
o~
a

Figure 11. Concept of light-driven H, production with a hydro-
genase-modified dye-sensitized TiO, nanoparticle in the presence
of a sacrificial electron donor (D).['%3] An antenna system of ruthe-
nium photosensitizers harvests visible light, injects electrons into
the CB of TiO,, and the resulting constant flow of electrons (steady
state conditions) produces a low potential at the hydrogenase. (A)
Schematic and (B) electrochemical representation.
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baculatum [NiFeSe]-hydrogenase contains a glutamate- and
aspartate-rich surface environment around the distal
[4Fe4S] cluster, Glu260, Glu234, Glu224, Glu221, Asp218,
Asp215, Glu209, Asp205 providing strong potential an-
chors for the enzyme to TiO, (Figure4). A dominating
chemical bond rather than weak (repulsive) electrostatic in-
teractions are presumably responsible for the stable attach-
ment of Db [NiFeSe]-hydrogenase to TiO,.

To overcome the limitation of having to use only the UV
spectrum of solar light and to avoid the formation of reac-
tive (highly oxidizing) electron holes in the valence band of
TiO, during UV band gap irradiation, a ruthenium pho-
tosensitzer (RuP) was co-attached with D. baculatum [Ni-
FeSe]-hydrogenase to TiO, (Figure 11).['%31 Ruthenium dyes
attached to TiO, allow for ultrafast electron injection into
the CB of TiO,, a concept that is exploited in dye-sensitized
solar cells.['® The assembled photocatalytic system con-
sisting of Db [NiFeSe]-H and ruthenium photosensitizer on
TiO, produces H, efficiently at a rate of 50 mol H, (mol
hydrogenase) 's™! in the presence of a sacrificial electron
donor (triethanolamine) over several hours. The photosen-
sitizer operates as an artificial light-harvesting antenna sys-
tem, which absorbs light and provides the CB of TiO, with
an excess of electrons, which TiO, provides as needed to the
enzyme (Figures 6B and 11). Attachment of a photosensi-
tizer and a catalyst on a particle not only allows direct mul-
tielectron transfer, but also makes it possible to vary the
ratio of the attached components to optimize the photo-
catalytic efficiency.

Conclusions

Much information is now available on photobiological
water splitting and recent strategies to select and utilize hy-
drogenases in photocatalytic H, production systems have
been summarized. Different hydrogenases with their subtle
changes in the hydrogenase active site or protein environ-
ment exhibit very distinct properties. The technological ap-
plication of hydrogenases is currently prohibited by the high
cost of isolation and purification, voluminous footprint
(low density) and fragility (in particular O,-sensitivity and
instability). However, hydrogenases, and, in particular, their
active sites, offer an interesting motif for the synthesis of
lower-cost catalysts to replace expensive Pt catalysts; a pre-
requisite for solar H, technology to become economically
viable. The 3d-metal active site of a hydrogenase stands as
a benchmark for kinetic and thermodynamic efficiency and
has a high inspirational value for the preparation of small-
molecule catalysts assembled from abundant raw materials.
Many significant advances have been made in recent years
to improve the efficiency of small-molecule catalysts. One
noteworthy example is the covalent attachment of a Ni
bis(diphosphane)-based functional hydrogenase mimic on a
multiwalled carbon nanotube. These large-area electrodes
exhibit only a small overpotential (20 mV) for H, cycling
and show current densities similar to those observed for
hydrogenase-based materials.'%! I am confident that, with
1013
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the fast progress in the mature hydrogenase field, synthetic
chemist will soon challenge the efficiency of the enzyme and
implement inexpensive catalysts into photoelectrochemical
devices for solar H, production.
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