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Summary

Nature has evolved three different ways of metabolizing hydrogen, represented by the
anaerobic [Fe]-, [FeFe]- and [NiFe]-hydrogenases. Structural and functional studies of these
enzymes have unveiled the unusual composition of their active sites and characterized their
catalytic mechanisms. From a biotechnological viewpoint, the most interesting hydroge-
nases are those that contain a [NiFe] moiety in their active sites. Some of these enzymes are
O,-resistant and can rapidly reductively recover from oxygen exposure whereas others are
O,-tolerant and can oxidize H, even at atmospheric oxygen levels. O,-resistant [NiFeSe]-
hydrogenases have one of the Cys ligands of the active site replaced by a SeCys and do
not display the hard-to-reactivate “unready” state provoked by O,. The reasons for this
property might be related to the formation of O,-derived Se-O bonds, which are weaker than
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S-0 bonds and, consequently, easier to break upon reduction. Conversely, membrane-bound
O,-tolerant hydrogenases have an unusual proximal (relative to the active site) [Fe,Ss]
cluster coordinated by six Cys ligands. This cluster can rapidly send two successive
electrons to the active site helping to reduce oxygen to water there. Some microorganisms
posses more than one hydrogenase and use them in different ways. For instance, there are
three well-characterized [NiFe]-hydrogenases in the model bacterium Escherichia coli.
They are highly regulated and each one plays a specific role: microaerobic/anaerobic H,
uptake, anaerobic H, evolution and, protection from O,-induced damage, respectively.
These enzymes are discussed in connection with the metabolic changes E. coli undergoes
during its transit through the intestinal tract of the host. O,-tolerant hydrogenases have been
used to build bio-fuel cells that can function under air. Also, O,-resistant [NiFeSe]-
hydrogenases have been attached to TiO, particules for H, production from solar energy.
Hydrogenase active sites have also served as a source of inspiration for the synthesis of

organometallic catalysts.

I. Introduction

Many microorganisms use enzymes called
hydrogenases to oxidize molecular hydrogen
or reduce protons according to the reaction
H, « 2H" + 2e". Two major unrelated enzyme
classes exist: the [FeFe]- and the [NiFe]-
hydrogenases (Vignais and Billoud 2007;
Fontecilla-Camps et al. 2007). The former
are found in bacteria and some green algae,
fungi and protozoa, whereas the latter are
widespread in both bacteria and archaeans
but absent from eukaryotes. A special class
of enzymes called [Fe]-hydrogenases couples
H, oxidation with the reduction of methenyl-
tetrahydromethanopterin (HC-H;MPT") without
electron transfer to an external redox partner.
When provided with the reaction products,
H* + H,C-H*MPT, H, is evolved (Thauer
et al. 2010). In general, [Fe]-hydrogenases,
which are only found in archaeal species, are
irreversibly inactivated by O,. [FeFe]-
hydrogenases are generally more active in
proton reduction than [NiFe]- hydrogenases,
which are more biased to H, oxidation.
However, there are exceptions to this rule,
such as the periplasmic [FeFe]-hydrogenase
from Desulfovibrio desulfuricans which is

Abbreviations: EPR — Electron Paramagnetic Resona-
nce spectroscopy; FTIR — Fourier Transform InfraRed
spectroscopy; Pt — Platinum; TiO,— Titanium dioxide

an uptake enzyme (Nicolet et al. 1999).
Proton reduction is physiologically impor-
tant to eliminate excessive reducing power
generated by photosynthetic and fermenta-
tive processes. Conversely, microorganisms
can use the low-potential electrons generated
by hydrogen oxidation for respiration with
different terminal electron acceptors such
as, for example, fumarate, nitrate, carbon
dioxide, sulfur, sulfate, the heterodisulfide
CoM-S-S-CoB (between coenzyme M and
coenzyme B) in methanogenic archaeans
and, in some exceptional cases, dioxygen.
Hydrogen oxidation is also used to recycle H,
generated by nitrogenases during N, reduction
to ammonia by azototrophic bacteria.

[FeFe]-hydrogenases are generally O,-
sensitive but can be reactivated if they are
progressively exposed to this gas, like is the
case during aerobic purification. However,
in the presence of excessive reducing power
the enzyme metal centers can be irreversibly
damaged due to the formation of radical
oxygen species. In general, such sensitivity
towards O, is a stumbling block for biotech-
nological applications. Conversely, many
[NiFe]-hydrogenases are, at least in vitro,
only reversibly inactivated by O, and some
are present in aerobic organisms that can
couple hydrogen oxidation to oxygen reduc-
tion. Because of these interesting properties
we will now discuss this class of enzymes
in more detail.
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Il. [NiFe]-Hydrogenases
A.Types of [NiFe]-Hydrogenases

The simplest [NiFe]-hydrogenase consists of
a large subunit containing the active Ni-Fe
site and a small subunit typically harboring a
proximal [Fe,S,], a medial [Fe;S,] and a dis-
tal [Fe,S,] cluster, which transfer electrons to
and from the active site, located in the large
subunit (Fig. 2.1a). Exceptions are the
[NiFeSe]-hydrogenases that have a medial
[Fe,S,] cluster and the O,-tolerant enzymes
that contain a modified proximal [Fe,S;]
cluster (see below). [NiFe]-hydrogenases
are either periplasmic or cytoplasmic H,-
uptake enzymes. Heterodimeric cytoplasmic
enzymes typically function in the recycling
of H, produced by microbial nitrogenases, as
in cyanobacteria (Bothe et al. 2010, see also
Chaps. 6 and 8). Heterodimeric periplasmic
[NiFe]-hydrogenases have been extensively
studied in sulfate-reducing bacteria (Fontecilla-
Camps et al. 2007). They allow these organ-
isms to use H, as an electron donor for the
reduction of sulfate via a complex and still
incompletely characterized electron transfer
pathway, reviewed by Matias et al. (2005),
that starts with a water-soluble cytochrome
c; electron carrier. Based on sequence
homologies (Vignais and Billoud 2007),
all [NiFe]-hydrogenases have a common
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heterodimeric core that resembles the first
structure of the enzyme from Desulfivibrio
gigas published by Volbeda et al. (1995). In
most hydrogenases this basic core forms part
of larger protein complexes with different
redox partners, including quinones in the
cytoplasmic membrane and ferredoxin, NAD
or NADP in the cytoplasm. In methanogenic
archaea the quinones are replaced by metha-
nophenazine and NAD is normally replaced
by coenzyme F,,, (8-hydroxy-5-deazaflavin),
although there are also hyperthermophilic
archaea that use NADP (Horch et al. 2012).
In addition, methanogens have hydrogenases
that are coupled with a heterodisulfide reduc-
tase to reduce the S-S bond between coen-
zymes M and B, produced in the last step of
methanogenesis (Thauer et al. 2010).

Many of the multi-subunit complexes
show striking homologies with NADH:
ubiquinone oxidoreductase, also known as
respiratory complex I. Although the latter
does not have a Ni-Fe active site, the homol-
ogy extends even to the basic heterodimeric
hydrogenase core. The known structure and
organization of both the hydrophilic and
membrane-bound hydrophobic subunits of
complex I has been used to construct homol-
ogy-based models of several multisubunit
hydrogenases (Efremov and Sazanov 2012).
These include the so-called bidirectional
hydrogenases, reviewed by Horch etal. (2012),
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Fig. 2.1. Basic structural organization of [NiFe]-hydrogenases: (a) the heterodimeric (SL) oxygen-sensitive
enzyme of Desulfovibrio fructosovorans; (b) the heterotetrameric (SL), oxygen-tolerant hydrogenase-1 of

Escherichia coli.
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Fig. 2.2. Multisubunit complexes of the three E. coli [NiFe]-hydrogenases EcHyd-1, EcHyd-2 and EcHyd-3.
The latter is part of the formate:hydrogenase lyase (FHL) complex which contains also formate dehydrogenase
H (FDH-H). Electron-transferring iron-sulfur clusters are highlighted as squares, b-type hemes as diamonds
and active sites as ellipsoids. MQ and MQH, are the oxidized and reduced forms of menaquinone. Subunits are
labeled with capital letters, the corresponding genes are given in italics underneath.

which are found, for example, in the cytoplasm
of photosynthetic bacteria. These enzymes
typically consist of five different subunits in
Bacteria and three in Archaea, and exchange
electrons with either NAD(P) or coenzyme
F.5, via a flavin-containing diaphorase sub-
unit. The O,-tolerant soluble [NiFe]-hydro-
genase of Ralstonia eutropha (ReMBH) is
also a member of this group of enzymes.
Other multisubunit hydrogenases related to
complex [ are the proton pumping energy
converting hydrogenases (Ech) found in the
membrane fraction of Archaea like Methan-
osarcina barkeri, which use a ferredoxin as
redox partner and consist of at least six sub-
units (Hedderich 2004), and EcHyd-3, which
is a H, evolving hydrogenase of the enteric
bacterium the Escherichia coli.

B.The [NiFe]-Hydrogenases
of Escherichia coli

This enteric anaerobic bacterium has three
well-studied multisubunit [NiFe]-hydrogenases
(Fig. 2.2) called EcHyd-1, EcHyd-2 and
EcHyd-3 (Pinske et al. 2012). Although
these three membrane-bound hydrogenases
have similar amino acid sequences, they are
associated with different kinds of subunits
(see below). Genomic annotation indicates

the presence of a fourth hydrogenase although
it has not been identified in the bacterium
(Redwood et al. 2007). EcHyd-2 is a peri-
plasmic membrane—bound hydrogenase,
very active in hydrogen uptake (Dubini et al.
2002), that is expressed under microaerobic
and anaerobic respiration. It transfers elec-
trons resulting from H, oxidation to the
(mena)quinone pool in the membrane, via its
small subunit HybO, to the ferredoxin-like
HybA subunit that contains four iron sulfur
clusters and the intrinsic membrane subunit
HybB devoid of metal (Dubini et al. 2002).
These electrons are subsequently used in the
reduction of fumarate to succinate on the
cytoplasmic side of the membrane (Kroger
et al. 2002). EcHyd-2 has a long anchoring
a-helix, which corresponds to the C terminal
segment of HybO. EcHyd-3 is part of the
cytoplasmic, membrane—bound formate—
hydrogenlyase complex consisting of seven
different subunits, which catalyze the trans-
formation of formate, a fermentation prod-
uct, to CO, and H, (Leonhartsberger et al.
2002). This reaction prevents acidification of
the bacterium cytoplasm and allows for
hydrogen recycling. Whereas both EcHyd-2
and EcHyd-3 are very O,-sensitive, EcHyd-1
is air-tolerant and oxidizes hydrogen at
potentials significantly higher than those of
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EcHyd-2 (Laurinavichene et al. 2002; Lukey
et al. 2010). Amino acid sequence compari-
sons show that EcHyd-1 is related to membrane-
bound hydrogenases (MBH) functioning in
aerobic respiration in Knallgas bacteria. Like
other enzymes from E. coli, EcHyd-1 is
anchored to the membrane by a long trans—
membrane a-helix from the small subunit and
by an intrinsic membrane protein, cytochrome
b (Dubini et al. 2002). The enzyme is a dimer
of heterodimers (Volbeda et al. 2012), which
are composed of a small and large subunit, i.e. a
(SL), dimer (Fig. 2.1b). Unlike MBH (but like
EcHyd-3), EcHyd-1 is repressed by O, and
highly expressed under fermentative growth
(Pinske et al. 2012). Under these conditions the
quinone pool is likely to be completely reduced,
making a possible role of EcHyd-1 in anaero-
bic respiration difficult to rationalize. Indeed,
experiments using E. coli mutants have shown
that hydrogen produced by EcHyd-3 is mostly
oxidized by EcHyd-2 and not by EcHyd-1
(Redwood et al. 2007). Consequently, EcHyd-1
and other O,-tolerant enzymes could have a
different function than respiration, such as
defense against oxidative stress. This role has
been proposed in the case of homoacetogenic
bacteria living in termite guts (Boga and Brune
2003) and in the Fe(Ill)-reducing bacterium
Geobacter sulfurreducens (Tremblay and
Lovley 2012).

Most O,-tolerant enzymes have signifi-
cantly higher cluster redox potentials and
much lower in vitro H, oxidation or produc-
tion activities than the O,-sensitive enzymes.
High cluster potentials are probably beneficial
for O, tolerance. In the following sections we
will focus on the effects of O, on the structure
and function of [NiFe]-hydrogenases, empha-
sizing the results obtained from crystallo-
graphic studies since 2001.

IlIl. Structural Studies of O,-Sensitive
[NiFe]-Hydrogenases

Interpretation of the structural results
obtained for [NiFe]-hydrogenases has been
often complicated by the presence of mix-
tures of redox and protonation states in the

crystals. This is due to the numerous redox
states these enzymes display upon reduction
from inactive oxidized to catalytically active
species. In addition to O,, molecules like
H,S, which can be present in significant
amounts during the purification of enzymes
from sulfate reducing bacteria, may react
with the active site, producing another source
of heterogeneity. Furthermore, the redox
state of the structure may change depending
on the X-ray dose used for collecting the
crystallographic data. The different enzyme
states have been extensively characterized by
EPR and FTIR spectroscopic studies (De
Lacey et al. 2007; Lubitz et al. 2007).
Inactive oxidized states may be defined as
unready and ready, which respectively give
rise to EPR signals called Ni-A and Ni-B
depending on whether they activate slowly or
rapidly upon treatment with H,. We obtained
an almost pure Ni-B preparation from an
active, anaerobically-purified periplasmic
heterodimeric [NiFe]-hydrogenase of Desul-
fovibrio (D.) fructosovorans by exposing it to
a mixture of 5 % H, and 95 % N, at pH 9.0
followed by exposure to a 100 % O, atmo-
sphere at 0 °C. This sample was crystallized
under air (Volbeda et al. 2005). The crystal
structure showed the presence of spherical
electron density between the Ni and Fe atoms
of the active site that we assigned to a bridg-
ing hydroxide ligand (Fig. 2.3a). The crystal-
lographic analysis of aerobically-purified
enzyme in its “as-isolated” state showed a
significantly more elongated electron density
bridging the Ni and Fe ions (Fig. 2.3b). As
aerobically purified enzyme is known to be
mostly in the unready Ni-A state, we associ-
ated this observation with the presence of a
peroxide species in this form. In addition, a
small density feature close to a bridging cys-
teine thiol suggested its partial oxidation to a
sulfenate (Volbeda et al. 2005). However,
using data collected from a different crystal
of “as isolated” enzyme, we observed spheri-
cal electron density bridging the Ni and Fe
ions, as well as a small peak close to a bridg-
ing thiol. This crystal may have been overex-
posed to X-rays, as we also noticed the
decarboxylation of several Asp and Glu
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Fig. 2.3. Crystallographic models of the Ni-Fe(—Se) active site: (a) the ready Ni-B state in the D. fiuctosovorans
enzyme; (b) the as-isolated, mainly unready mixture of the same enzyme; (¢) the H,-reduced [NiFeSe]-
hydrogenase of Desulfomicrobium baculatum; (d) the major fraction of the as-isolated [NiFeSe]-hydrogenase of

D. vulgaris Hildenborough. The gray grids in (a) and (b) depict an averaged omit electron density map, * denotes
a partial oxidation of a Ni-Fe bridging thiolate ligand to a sulfenate, # an alternative conformation of a terminal

Ni-bound thiolate and € a double oxidation of the other terminal Ni-bound thiolate to a sulfinate.

residues and the cleavage of a solvent-exposed
disulfide bond (Volbeda et al. 2002). For the
other crystals previously mentioned, there
were no such signs of radiation damage.

The results described above may be
explained as follows: active enzyme contains
enough electrons in the active site and the
[Fe-S] clusters to reduce O, completely,
according to:

0,+3H" +4¢” > H,0+0H (2.1)

Two of the required electrons could come
from a bridging hydride bound to either
Ni(III)-Fe(II) (Ni-C) or Ni(II)-Fe(II) (Ni-R)
in active enzyme (Brecht et al. 2003;
Fontecilla-Camps et al. 2007; Pandelia et al.
2010) and the remaining two could be pro-
vided by reduced [Fe-S] clusters. One water
molecule escapes the active site whereas the
other one remains trapped as a bound
hydroxide. During aerobic purification the
initially reduced enzyme will gradually oxi-
dize. However, the redox potentials for the
Ni(I[)/Ni(ITl) and [Fe;S,]"/[Fe;S,]° cluster
couples are positive enough to provide two
electrons for O, reduction at the increas-
ingly higher potentials encountered during
enzyme purification:

0, +H" +2e” — OOH" 2.2)

The produced reactive peroxide species
may oxidize thiolates to sulfenate (Forman
et al. 2010), maybe after reduction of Ni(III)
to Ni(II) because sulfenates are better ligands
for the latter (Farmer et al. 1993):

Cys-S +00H™ — Cys-SO™ +OH™ (2.3)

Reaction (2.3), which also produces bound
hydroxide, is thermodynamically very favor-
able (Soderhjelm and Ryde 2006).
Consequently, it must have a rather large
kinetic barrier in order to explain the pre-
dominant detection of the less stable peroxide
intermediate. Our observations with the crys-
tal overexposed to X-rays suggest that sulfen-
ates may be further reduced to water and
thiolate by photoelectrons produced by this
radiation. Similar active site modifications
have been reported for D. vulgaris Miyazaki
(Ogata et al. 2005) and Allochromatium (A4.)
vinosum [NiFe]-hydrogenase (Ogata et al.
2010) in their “as-isolated” state. In the first
case, a complicated mixture was observed
including a partially occupied bridging per-
oxide, a partial modification of both a Ni-Fe
bridging and a terminally Ni-bound thiolate
to a sulfenate, and possibly, an additional
fraction containing an inorganic sulfur ligand
(S* or HS"). In the second case, a spherical
Ni-Fe bridging electron density was observed,
along with a partial modification of a bridging
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Fig. 2.4. Crystallographic models of the proximal iron-sulfur cluster: (a) [Fe,S,]-cluster in the D. fructosovorans
enzyme, (b) [Fe,S;]-cluster in E. coli hydrogenase-1, observed in the H,-reduced enzyme, (¢) [Fe,S;]-cluster
observed as a mixture of two states in as-isolated E. coli Hyd-1, (d) [Fe,S;0s]-cluster observed in a fraction of
the as-isolated D. desulfuricans ATCC 27,774 enzyme. Violet and blue grids denote anomalous difference and

omit electron density maps.

thiolate to sulfenate. Using the data of our
overexposed crystal of D. fructosovorans
[NiFe]-hydrogenase and including quantum
mechanical methods in the crystallographic
refinement, Soderhjelm and Ryde (2006)
obtained a similar result. This included a
small fraction with a sulfenate modification
of a bridging thiol (at a density peak that we
had earlier attributed to noise) and an even
smaller fraction with the Ni terminal thiolate
ligand modified to sulfenate as observed by
Ogataetal. (2005) in the D. vulgaris Miyazaki
enzyme (although not exactly in the same
conformation). In conclusion, although the
exact identity of states like Ni-A and the one-
electron more reduced unready Ni-SU form
(Fig. 2.3b) is still debated, our interpretations
seem to be compatible with all the discussed
crystallographic, as well as with other experi-
mental results, as previously reviewed by
Fontecilla-Camps et al. (2007). Besides react-
ing at the active site, O, may also react with
and presumably damage Fe-S clusters, as
exemplified by the partial conversion of the
proximal [Fe,S;] to a [Fe;S;0s] cluster
observed in the crystal structures of D. desul-
furicans ATCC 27774 [NiFe]-hydrogenase
(Matias et al. 2001) (Fig. 2.4d) and D. vul-
garis Hildenborough [NiFeSe]-hydrogenase
(Marques et al. 2010).

In theory there are at least three ways to
decrease the oxygen sensitivity of a [NiFe]-
hydrogenase: (A) to limit the access of O, to
the active site, (B) to speed up the activation
of oxidized states and (C) to avoid the forma-
tion of reactive oxygen species according to

reactions (2.2) and (2.3) by keeping enough
electrons available for the complete reduction
of O, to water. Studies with mutants have
shown that strategy A, which limits oxygen
access through the tunnel connecting the
active site to the protein exterior (Montet
et al. 1997) may indeed explain the O,-
tolerance of H, sensors, also called regula-
tory hydrogenases (Buhrke et al. 2005; Duche
et al. 2005). This possibility was predicted
from sequence alignments with O,-sensitive
hydrogenases (Volbeda et al. 2002). However,
the function of these sensors is to activate the
synthesis of hydrogenases when hydrogen is
present by interacting with a histidine protein
kinase, which in turn, modulates the activity
of a response regulator-transcription factor
(Elsen et al. 2003; Buhrke et al. 2004). As
hydrogenases they have very little activity.
We will not review the elegant studies carried
out with mutants of the tunnel and other
regions using the O,-sensitive periplasmic
D. fructosovorans [NiFe]-hydrogenase as they
are described in Chap. 3 of this book. Instead,
we will next discuss those enzymes that are
either naturally O,-resistant or O,-tolerant by
using strategies B and C, respectively.

IV. Structural Studies of O,-Resistant
[NiFeSe]-Hydrogenases

In some [NiFe]-hydrogenases, one of the
cysteine ligands of the Ni is naturally substi-
tuted by a seleno-cysteine (SeCys) and, in
addition, the mesial [Fe;S,] is replaced by a
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[Fe,S4] cluster. In general, as recently
reviewed by Baltazar et al. (2011), such
[NiFeSe]-hydrogenases have much higher
catalytic activity than the [NiFe] enzymes
and they often appear to be less O,-sensitive.
The crystal structure of [NiFeSe]-hydro-
genase from the sulfate reducing bacterium
Desulfomicrobium baculatum, was reported
by Garcin et al. (1999). It was both the first
structure determined for this class of hydrog-
enase and one of the first, together with the
structure reported by Higuchi et al. (1999)
for D. vulgaris Miyazaki [NiFe]-hydrogenase,
with a reduced active site, probably in the
Ni-C state (Fig. 2.3c). Based on several
sources (Brecht et al. 2003; Fontecilla-
Camps et al. 2007; Pandelia et al. 2010), a
hydride is postulated to bridge the Ni and Fe
ions in the active Ni-C form, replacing the
hydroxide found in the Ni-B state. More
recently, Marques et al. (2010) have reported
on the structure of the [NiFeSe]-hydrogenase
from D. vulgaris Hildenborough. This struc-
ture contains a mixture of oxidized states and
includes three different conformations for its
SeCys residue. Quite unexpectedly, about
70 % of the structure appears to contain a
doubly oxidized thiol (a sulfinate) and a per-
sulfurated SeCys (Fig. 2.3d). Assuming it
contains Ni(II), which is reasonable given
the absence of EPR signals from oxidized
[NiFeSe]-hydrogenase preparations, this
highly oxidized active site will require no
less than seven electrons and up to seven
protons to be converted into the reduced
Ni-C state (Fig. 2.3¢): two electrons will be
needed to reduce the Se-S bond, producing
either H,S or HS™; four additional electrons
will be required to reduce the two S-O bonds,
producing two H,O molecules, and one more
electron must be employed, along with the
oxidation of Ni(II) to Ni(III), to reduce a pro-
ton and generate the hydride. It is difficult to
reconcile such a highly oxidized structure
with the inherent O,-resistance of [NiFeSe]-
hydrogenases, because sulfinates are ther-
modynamically very stable hyperoxidized
species that normally require dedicated
enzymes for their reduction (Poole and
Nelson 2008). Consequently, we conclude

that additional studies, including structures
of intermediate oxidation states, will be
required to understand how the structure
reported by Marques et al. (2010) could be
generated and to determine whether it is eas-
ily activated. These studies should also shed
light on the role of SeCys in activation and
O, resistance. One possible reason for the
SeCys/Cys substitution in these enzymes is
the fact that Se-O bonds that might be formed
upon air exposure are inherently weaker than
S-O bonds (Parkin et al. 2008) and, conse-
quently, easier to break.

V. Structural Studies
of O,-Tolerant Membrane-Bound
[NiFe]-Hydrogenases

Amino acid sequence comparisons (Pandelia
et al. 2012) have shown that a family of
oxygen-tolerant hydrogenases has two super-
numerary small subunit cysteine residues in
the coordination sphere of the proximal clus-
ter (Figs. 2.4a, b). These enzymes can oxi-
dize hydrogen at the 21 % atmospheric
oxygen level. As first shown in the case of
Aquifex aeolicus hydrogenase 1 (AaHyd-1),
the proximal cluster (PC) is involved in two
one—electron redox process, involving PC1/
PC2 (formal +1/+2) and PC2/PC3 (formal
+2/+3) states. The higher potential PC2/PC3
redox transition does not change between
pH 6.4 and 7.4. Other adaptations for their
tolerance to oxygen are (i) a lower K, for H,
than the K; for O, and (ii) the fact that all the
metal centers have more positive potentials
when compared to oxygen—sensitive NiFe
hydrogenases. It has been shown that the
superoxidized proximal cluster has more fer-
ric character than standard clusters (Pandelia
et al. 2011). This observation agrees with
the proposition that the two oxidation steps
of the proximal cluster correspond to 3Fe(I1)-
1Fe(11l) — 2Fe(II)-2Fe(11l) and 2Fe(II)-
2Fe(IIl) — 1Fe(I1)-3Fe(Ill) changes (Goris
et al. 2011; Pandelia et al. 2011) in the PC1/
PC2 and PC2/PC3 redox couples, respec-
tively. It is noteworthy that these two redox
couples are separated by a narrow potential
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difference of about 0.2 V (see also Roessler
et al. 2012), compared to others, such as the
one of high potential iron sulfur protein,
where the unnatural super-reduction from
[Fe,S4]*% to [FeysS4]™! involves a much higher
potential drop of 1 V relative to the +3/42
redox couple (Heering et al. 1995). The
structures of three oxygen-tolerant hydroge-
nases have been published including one
solved by us (Fritsch et al. 2011b; Shomura
et al. 2011; Volbeda et al. 2012). These stud-
ies have shown that the proximal cluster has
an unusual structure where the supernumer-
ary Cys19 bridges two iron ions and Cys120
terminally binds another one. Thus, these
two cysteine residues replace a sulfide ligand.
Site—directed mutagenesis has shown that
the supernumerary Cys19 is crucial for oxy-
gen tolerance whereas the supernumerary
Cys120 plays a less important role (Lukey
et al. 2011). The proximal cluster displays a
remarkable plasticity undergoing a major
conformational change when it goes from
the PC2 to the PC3 state. This change
involves the migration of one of the iron ions
of the cluster towards the amide N of Cys20
forming a bond with it (Fig. 2.4c). In addi-
tion, this iron ion now binds the carboxylate
group of a glutamate residue. An equivalent
glutamate also binds the corresponding iron
in oxygen-damaged proximal clusters
(Fig. 2.4d). We have used our EcHyd-1 struc-
ture (Volbeda et al. 2012) to calculate and
reproduce previously generated Mossbauer
and EPR spectroscopic data using AaHyd-1.
Our calculations show that the amide—N
deprotonation, required to form the Fe-N
bond, is mediated by the carboxylate group
of the glutamic acid mentioned above. This
residue is hydrogen-bonded to another gluta-
mate residue, which is part of a proton trans-
fer chain that normally operates by moving
protons from the active site to the molecular
surface (Fontecilla et al. 2007; Fdez Galvan
et al. 2008). However, when exposed to oxy-
gen, the enzyme operates in the opposite
direction by sending both protons and elec-
trons to the active site. Under normal anaero-
bic conditions hydrogen uptake makes the
cluster oscillate between PC1 and PC2, like

in oxygen-sensitive hydrogenases. However,
when the enzyme is exposed to O,, and if the
active site is in the Ni—C state with bound
hydride, oxygen will be reduced to peroxide.
In order to avoid subsequent oxidative dam-
age this species has to be rapidly reduced to
water. As mentioned above, this is mediated
by the proximal cluster, which goes from
PC1 to PC3 in two rapid successive one—
electron reduction steps. Evidence for a
water channel close to the active site has
been also obtained from our structure. This
channel is essential for evacuating the water
generated upon oxygen reduction to the
molecular surface. Our calculations show
that the unique iron that forms a bond with
the N amide atom of Cys20 is the one that
gets oxidized from ferrous to ferric when the
cluster goes from PC2 to PC3. Our conclu-
sion is that if the active site stays in the Ni-B
state and in the absence of H,, there will not
be electrons available to reduce the proximal
cluster from the PC3 to the PC2 and PC1
state. Thus, both the Ni-B form and the
superoxidized proximal cluster in the PC3
state protect the integrity of the hydrogenase
when exposed to molecular oxygen. From a
biotechnological standpoint these hydroge-
nases have potential applications in bio-fuel
cells (see below). Conversely, and because of
their more positive redox potentials relative
to standard hydrogenases, these enzymes
cannot be effectively used for hydrogen
evolution.

EcHyd-1 is naturally bound to the perip-
lamic side of the cytoplasmic membrane. It
forms a dimer of heterodimers bringing the
two distal clusters within 12 A (Fig. 2.1b), a
distance compatible with fast electron trans-
fer (Page et al. 2003). So, it is possible to
postulate that electrons generated at the
active site of one monomer could be trans-
ferred to the active site of the other, i.e. the
active site of one of the enzymes could help
jumpstarting the other (Volbeda et al. 2012).
This arrangement lowers the probability of
the simultaneous oxygen-induced deactiva-
tion of the two hydrogenases in the dimer.
Frielingsdorf et al. (2011) have proposed a
trimeric arrangement for the heterodimers of
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the oxygen—tolerant ReMBH. We have
modeled such a trimer and found that the
distance between two distal clusters is too
large to allow for efficient electron transfer.
Furthermore, amino acid sequence compari-
sons for regions involved in monomer—
monomer recognition indicate that they are
well conserved in EcHyd-1 and ReMBH
(not shown). This strongly suggests that
ReMBH also forms a dimer of heterodimers.
Furthermore, the same oligomeric state has
been found in other hydrogenases, both of
the O,—sensitive and O,—tolerant kinds, such
as those from Allochromatium vinosum
(Ogata et al. 2010) and Hydrogenovibrio
marinus (Shomura et al. 2011), respectively.

VI. Regulation of Hydrogenase
Expression and Activity: The
Example of Escherichia coli

In order to elucidate the regulation and
role of the three well-characterized H,ases in
E. coli one has to look into its fluctuating
lifecycle from the moment it is ingested to
the moment it is excreted by the host. Alexeeva
et al. (2002) have put forward the concept of
perceived aerobiosis that is defined as the
extent to which the bacterium will use oxidative
catabolism. At over 50 % aerobiosis, E. coli
respires O, using low-affinity cytochrome bo
oxidase. Conversely, below 40 % aerobiosis,
the high-affinity cytochrome bd-I oxidase is
expressed, upregulated by ArcA, the anoxic
redox control regulator (Alexeeva et al.
2000). Under these conditions, cytochrome
bd-I oxidase becomes the major terminal
oxygen reductase and, thanks to its activity
the intracellular oxygen tension is kept low
enough to allow for, (i) pyruvate—formate
lyase activity, which generates formate from
pyruvate, and (ii) protection of the bacterium
from oxidative damage induced by dyes
(Alvarez et al. 2010). At lower oxygen con-
centrations, cytochrome bd-I oxidase expres-
sion is repressed by the fumarate-nitrate
reduction regulator (FNR). FNR is a tran-
scriptional regulator of respiratory pathway
genes that becomes activated at 0.5 % O,

when E. coli goes from microaerobic to
anaerobic growth conditions (Becker et al.
1996). Anaerobic conditions cause the
expression of an additional cytochrome oxi-
dase called bd-II, which is co-regulated with
the expression of the O,-tolerant EcHyd-1
(Dassa et al. 1991). As bd-1, bd-II has high
affinity for oxygen and is well suited to func-
tion in an anaerobic environment. In micro-
organisms such as Azotobacter vinelandii,
which possess the highly oxygen—sensitive,
nitrogen-reducing nitrogenase, high-affinity
cytochrome oxidases afford protection
against oxygen—induced damage (Poole and
Hill 1997). The physiological role of
EcHyd-1 has not been clearly determined.
Most in vitro experiments are not well suited
to clarify this point because one has to look
at the natural environment where this bacte-
rium grows in order to understand when and
why the three different H,ases are expressed.
EcHyd-1 expression is upregulated under
stressful conditions such as carbon and
phosphate starvation, osmotic shock, and
stationary phase conditions (Atlung et al.
1997) and both EcHyd-1 and EcHyd-3 are
highly expressed under fermentative condi-
tions, i.e., their expression is stimulated by
formate (Brendsted and Atlung 1994).
These conditions are naturally found in the
anoxic terminal segment of the gastro—
intestinal tract of the host. The role of
EcHyd-3 in recycling hydrogen and prevent-
ing acidification of the cytoplasm according
to the reaction:

HCOO™ +H" — CO, +H, 2.4)
is well established. But, in the case of
EcHyd-1 it is not easy to explain why an
oxygen-tolerant H,ase is highly expressed
under fermentative conditions when there is
excess of reducing equivalents and electron
acceptors are scarce (except for endoge-
nously produced fumarate) (Pinske et al.
2012). Furthermore, because under these
conditions the quinone pool should be fully
reduced, it would make little sense to gener-
ate additional electrons from hydrogen
oxidation. Conversely, the enzyme will very
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rapidly reduce any traces of oxygen present
in the periplasmic space. This is so because,
under these conditions, O, will constitute the
only sink for H,-generated electrons. As dis-
cussed above, our crystal structure (Fig. 2.1b)
and electron transfer rate calculations favor
direct oxygen reduction to water as the main
activity of this enzyme when anaerobic
E. coli is exposed to this gas, according to
the Knallgas reaction:
0, +2H, - 2H,0 (2.5)

As long as there is H, being produced by
EcHyd-3 from formate, EcHyd-1 will oxi-
dize it and use the resulting electrons to
reduce O, if any is present.

Several experiments have shown that
EcHyd-1 cannot reduce low-potential artifi-
cial electron acceptors (Pinske et al. 2011).
The enzyme, however, is capable of reducing
nitroblue tetrazolium (NBT), a redox dye
with E,’=—80 mV (Pinske et al. 2012). This
activity does not require the presence of the
cognate membranous cytochrome b, indicat-
ing that the reduction is performed directly
by the H,ase. The catalytic bias of EcHyd-1
to hydrogen oxidation is related to its oxygen
tolerance. Indeed, it has been shown that this
enzyme has an overpotential of about
+50 mV when compared to EcHyd-2 (Lukey
et al. 2010). This overpotential also implies
that the activity/inactivity switch of EcHyd-1
is shifted to higher potentials than in the case
of EcHyd-2. Conversely, this over-potential
prevents EcHyd-1 from being able to reduce
protons or low—potential dyes (Lukey et al.
2010; Pinske et al. 2011).

The role of EcHyd-2 and the regulation of
its expression are easier to rationalize. This
enzyme, which resembles H,ases from sul-
fate-reducing bacteria in terms of its catalytic
properties, is expressed under microaerobic
and anaerobic conditions. Its physiological
role is hydrogen uptake (Dubini et al. 2002).
EcHyd-2 can use fumarate as electron accep-
tor and its expression correlates with fumarate
respiration (Pinske et al. 2012). Conversely,
nitrate is a repressor of the expression of this
enzyme. EcHyd-2 shows low benzyl viologen

(BV) reduction activity in cell extracts. By
comparison, EcHyd-3 is very effective in
reducing this dye, which, although not bio-
logically relevant, is related to the potentials at
which this enzyme functions in proton reduc-
tion (Pinske et al. 2011).

VII. [NiFe]-Hydrogenase Maturation

The biosynthesis of the Ni-Fe active site is a
complex energy-consuming and species-
specific process. Moreover, when there are
several hydrogenases in the same species,
each of them has its own maturation machin-
ery. In the extensively studied biosynthetic
pathway of EcHyd-3 (Bock et al. 2006) at
least ten gene products are involved. The
cyanide precursor H,NC(O)P; (carbamo-
ylphosphate, here abbreviated CP) is pro-
duced by CP-synthetase from L-glutamine
andbicarbonate inreactions 1-3 (Scheme 2.1),
with concomitant consumption of two ATP
molecules (Thoden et al. 1997). CP is con-
verted by HypF to H,NC(O)-AMP, also in an
ATP-dependent reaction (reactions 4-5).
After formation of a HypEF complex, of
known structure (Shomura and Higuchi
2012), the H,NCO group is transferred to the
C-terminal cysteine of HypE (reaction 6).
The resulting thiocarbamate is subsequently
dehydrated in yet another ATP-dependent
reaction to thiocyanate (reaction 7), followed
by CN transfer to Fe bound to HypCD (reac-
tion 8) in a putative HypCDE complex
(Watanabe et al. 2007). Reactions 1-8 are
repeated for the transfer of a second CN
ligand to Fe, whereas CO is provided by a so
far unknown donor (Biirstel et al. 2011) in
reaction 9. The resulting FeCO(CN), moiety
is next transferred to apo-pre-HycE (reaction
10), followed by a SlyD-dependent Ni trans-
fer (Chung and Zamble 2011; Kaluarachchi
et al. 2012) from the GTPase HypB (reaction
11). Maturation is finished by the cleavage
of a short C-terminal peptide of pre-HycE
(reaction 12) by the endopeptidase Hycl. The
Ni insertion machinery further involves Ni
transfer to HypB from the HypA carrier
(reaction 15), which itself is charged with Ni
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Scheme 2.1. Maturation of the Ni-Fe-containing HycE subunit of EcHyd-3. The enzymes/proteins involved, with
reactions numbered 1-15, are carbamoylphosphate synthetase (1-3), HypF (4-7), HypE (7-8), HypC and HypD
(8-10, 13), HypB and SlyD (11, 15), Hycl (12) and HypA (14-15). X, Y and Z are unknown donors of Fe, CO and

Ni, respectively.

by an unknown donor (reaction 14). The
donor of Fe to HypCD (reaction 10) is also
unknown. Taking all the reactions into
account, at least eight ATP molecules and
one GTP are required to complete the active
site maturation. However, given the incom-
plete characterization of the pathways for
metal transfer and production of the CO
ligand, the actual energy requirements could
be significantly higher.

Significant insight into the molecular
aspects of the EcHyd-3 large subunit matu-
ration has been provided by the X-ray struc-
ture determinations of HypA, HypB, HypC,
HypD, HypE, HypF, Hycl and SlyD
(Watanabe et al. 2009; Xia et al. 2009;
Gasper et al. 2006; Chan et al. 2012;
Watanabe et al. 2007; Shomura et al. 2007;
Rangarajan et al. 2008; Shomura and Higuchi
2012; Petkun et al. 2011; Kumarevel et al.
2009; Loew et al. 2010), but some details
remain unclear. In addition, although apo-
pre-HycE has been generally assumed to be
devoid of metal, a recent report suggests that

a mutant of HybC, the homologous unpro-
cessed large subunit of EcHyd-2, may actu-
ally contain a labile [Fe,S,] cluster at the
active site position in the mature subunit
(Soboh et al. 2012). If this were also the case
for the native, unprocessed subunit, an addi-
tional step would be needed involving
removal of the cluster, before incorporation
of the Ni-Fe site.

An interesting aspect is the sensitivity of
the maturation process towards oxygen. In the
maturation of the O,-tolerant ReMBH, extra
gene products are involved that allow produc-
tion of active enzyme under aerobic condi-
tions (Fritsch et al. 2011a). The same applies
to SeHyd-5, the homologous O,-tolerant
hydrogenase-5 of Salmonella enterica serovar
Typhimurium (Parkin et al. 2012). However,
the latter organism also produces an O,-
tolerant Hyd-1 that, like the related EcHyd-1
enzyme, is only expressed under anoxic con-
ditions. The maturation of these enzymes is
most likely O,-sensitive, because it does not
involve gene products related to those used
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for ReMBH and SeHyd-5 maturation, under
air. In conclusion, aerobic production of O,-
tolerant [NiFe]-hydrogenases requires O,-
tolerant maturation.

VIII. Biotechnological Applications

Using electrochemistry, Vincent and collab-
orators (2005a, b, 2007) have studied mech-
anisms of catalysis, electron transfer,
activation and inactivation, and defined
important properties such as O, tolerance
and CO resistance of H,ases in physical
terms. These enzymes are alternatives to
noble metals for the production of hydrogen
from solar energy (Jones et al. 2002). The
latter are nonselective and can be poisoned
by environmental pollutants whereas the
enzymes are highly specific and relatively
resistant. Like Pt, H,ases produce hydrogen
with minimal overpotential and are catalyti-
cally very efficient. For that reason, these
enzymes are promising targets for develop-
ing new catalysts with biotechnological
applications.

A. Membrane-Bound [NiFe]-Hydrogenase

The oxygen—tolerant hydrogenase from
Ralstonia metallidurans CH34 and the
fungal O,-reductase laccase have been
adsorbed to graphite electrodes to build an
open bio—fuel cell that could generate
electricity from 3 % hydrogen, under nor-
mal atmospheric conditions and in aque-
ous solution (Vincent et al. 2005a, 2006).
This setup was shown to be capable of
powering a wristwatch for several hours.
Although the hydrogenase had to be acti-
vated after a few hours, this experiment
has opened the possibility of powering
electronic devices using low hydrogen
concentrations in air. Because of the very
high specificity of the enzymes, which is
not the case of Pt that catalyzes both the
anodic and cathodic sides of the reaction,
no costly membrane is required in the fuel
cell setup (Fig. 2.5a).

B. [NiFeSe]-Hydrogenase

Reisner et al. (2009) and Reisner and
Armstrong (2011) have carried out a system-
atic study of enzyme efficiency by coupling
colloidal semi-conductor TiO, nanoparticles
with a synthetic ruthenium photosensitizer
to different H,ases. When a H,ase is attached
to an n-type semiconducting surface, rather
than to a metallic or semi-metallic material
like graphite, the direction of catalysis can
be altered with a bias towards reduction reac-
tions. This is convenient in the case of hydro-
gen production. The work by Reisner et al. is
a proof of concept: the dye injects an elec-
tron into the conduction band of TiO, when
exposed to visible light. This, in turn, oxi-
dizes the dye and reduces TiO, which trans-
fers electrons directly to the adsorbed H,ase
that reduces protons to molecular hydrogen.
A sacrificial electron donor reduces the
dye, closing the cycle (Fig. 2.5b). Reisner
et al. (2009) and Reisner and Armstrong
(2011) concluded that the most efficient avail-
able system included the [NiFeSe]-H,ase
from Dm. baculatum and the tris(bipyridyl)
ruthenium photosensitizer RuP. The latter
fulfills several requirements including (1) an
absorption band in the visible spectrum, (2)
stable attachment to TiO,, (3) efficient charge
separation and (4) long-term stability upon
irradiation. Conversely, the choice of Dm.
baculatum H,ase was determined by several
factors: (1) it has good hydrogen production
activity; (2) it can be rapidly reactivated at
low potentials after O,—induced inactivation;
(3) it can operate in the presence of about
1 % O, and (4), there is significant proton
reduction even at 5 % H,, which is usually
inhibitory to Hyases. However, these charac-
teristics are not enough to render a Hyase opti-
mal for hydrogen production. A simple
calculation indicates that the distal [Fe,S,]
cluster of Dm. baculatum H,ase is surrounded
by a negatively charged surface patch. Thus,
the interaction between the enzyme and the
TiO, particle is mostly controlled by local-
ized polar interactions rather than overall
electrostatic interactions. As a conclusion, the
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Fig. 2.5. (a) A bio-fuel cell comprising a graphite cathode modified with high potential fungal laccase and a
graphite anode modified with the O,-tolerant membrane-bound hydrogenase of Ralstonia metallidurans CH34
in aqueous electrolyte under an atmosphere of 3 % H, in air (Adapted from Vincent et al. 2005a); (b) Schematic
representation of visible-light driven H, evolution with [NiFeSe]-H,ase attached to RuP dye sensitized TiO,
nanoparticles. Excitation by visible light in the presence of a sacrificial electron donor (Donor), causes RuP
to inject an electron into the conduction band of the semi-conductor TiO,. The electrons, which are transferred
directly to the adsorbed [NiFeSe]-H,ase, reduce H' from the buffered aqueous solution generating H,. The three
[Fe,S4]-clusters (indicated in the figure) form a “wire” responsible for electron transfer to and from the active site
of the [NiFeSe]-H,ase. The structure of the sensitiser RuP is also shown (left side). Two cycles are required to
generate a H, molecule (Adapted from Reisner et al. 2009).

authors found that Dm. baculatum H,ase has
the very well suited property of being
titaniaphilic. Taken together, these results
should play an important role in the future
design and assembly of robust H,ase-

nanoparticle devices including mesoporous
3D electrodes for enzyme—fuel cells or bio-
sensors. The production of hydrogen at room
temperature from neutral water without
redox—mediators represents a significant
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step towards the development of an artificial
system mimicking photosynthetic green
algae. In a related approach, Lubner et al.
(2010) have connected photosystem I (PS I)
and an [FeFe]-H,ase and have assayed elec-
tron transfer between the two components
via light-induced H, generation.

C. Bio-inspired Artificial Hydrogen
Catalysts

Helm et al. (2011) have reported on which
may be the most efficient bio-inspired cata-
lyst synthesized so far. It is the synthetic
nickel complex, [Ni(P(Ph),N(Ph),)](BF,).,
(P(Ph),N(Ph))=1,3,6-triphenyl-1-aza-3,6-
diphosphacycloheptane, which catalyzes the
production of H, with protonated dimethyl-
formamide as the proton donor. Turnover
frequencies of 106,000 per second have been
obtained in the presence of 1.2 M of water.
This remarkably fast catalyst combines fea-
tures of the two major types of H,ases: a Ni
ion ([NiFe]-H,ase) and pendant amines that
function as proton relays ([FeFe]-H,ases). A
computational study on a related compound
suggests that proton transfers between the
amine nitrogen and the nickel are favored
relative to a direct nitrogen-to-nitrogen pro-
ton transfer (O’Hagan et al. 2011). This
result supports our proposition that the
bridgehead atom of the thiolate-containing
small molecule at the [FeFe]-H,ase active
site is nitrogen (Nicolet et al. 2001).

IX. Conclusions

The structural studies of [NiFe]-H,ases have
shed considerable light on the -catalytic
mechanism of hydrogen uptake and proton
reduction. Both processes are of biotechno-
logical interest and are the subject of very
active research. One major goal in this field
is the coupling of solar energy to hydrogen
production. The O,-resistant [NiFeSe]-H,ase
has proven to be a very effective H, producer
thanks to its very high affinity for TiO,
particles. Another promising domain is the
use of the O,-tolerant enzymes in bio-fuel

cells although the relative fragility of these
molecules limits their application at present
time. Maybe more importantly, the active
sites of hydrogenases have inspired the syn-
thesis of novel catalysts with very good per-
formances. In addition, structural strategies
such as the one employed by the [Fe,S;] clus-
ter of the O,-tolerant [NiFe]-H,ases, which is
capable of two-electron redox chemistry,
should also inspire new ways of designing
synthetic catalysts for hydrogen oxidation.
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