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6.1. Introduction

Many essential structural and functional features of hydrogenases have been derived
from a wealth of various biochemical and spectroscopic methods. However, the
knowledge of their atomic architectures have been obtained only very recently with
the determination of the crystal structures of several hydrogenases belonging to both
[NiFe] and [Fe] families (Table 6.1). These results have given a firm and unique struc-
tural basis to understand how these enzymes are actually working.

For molecules of molecular weight above 20,000 g/mol, X-ray diffraction remains
the only experimental approach available to obtain detailed and reliable three-dimen-
sional atomic models. The major steps of the method include the obtention of large
and well-ordered crystals, their exposure to X-rays and collection of diffraction data
and the ‘phasing’ of these data to obtain by Fourier analysis a three-dimensional view
(or map) of the electron density of the molecule. Finally a three-dimensional atomic
model of the protein is fitted like a hand in a glove within this map, using a ‘kit’ con-
taining all the available biochemical and spectroscopic information (Table 6.2). The
reliability of the final atomic model is of course dependent on the quality of the elec-
tron density map. This quality depends on the number of X-ray data per atom and
on the resolution and accuracy of these data, which in turn are highly dependent on
the size and quality of the crystals.

6.1.1. Growing crystals

The preparation of large (typically ~0.2–0.5 mm) and well-ordered crystals of hydro-
genases, like those of many biomolecules, remains the most uncertain step of the 
X-ray crystallographic studies. Keeping in mind that a crystal is made of the periodic
packing of structurally identical molecules (about 1013–1015 molecules per typical
crystal), a successful crystallisation experiment requires necessarily highly purified
and structurally homogeneous material. Along these lines, hydrogenases are purified
by chromatographic methods including preparative high performance liquid chro-
matography (HPLC) as a final step of the process. The purity and homogeneity of the
samples are eventually probed by electrophoresis and HPLC. Moreover, since most
hydrogenases are sensitive to oxygen, they should be maintained under anaerobic
conditions to the very final step of the process and eventually be stored in argon or
liquid nitrogen to avoid oxidative damages to their structural integrity. In the extreme
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case of the [Fe] hydrogenase from Clostridium pasteurianum, which is particularly
sensitive to oxygen, sodium dithionite is also added to the solutions.

Besides purity and structural homogeneity the obtention of crystals suitable for 
X-ray diffraction experiments depends on many other parameters including pH, tem-
perature, protein concentration and the nature and concentration of the precipitant.
It results that many crystallisation experiments and often large quantities of protein

Table 6.1 X-ray structures of hydrogenases by the year 2001

Organism and functional Class Methodb Res.c (nm) Reference Year PDBd

state of the enzymea

D. gigas unready [NiFe] MIR 0.28 Volbeda et al. 1995 1FRV
D. gigas unready MR 0.25 Volbeda et al. 1996 2FRV
D. gigas active MR 0.25 Garcin 1998e f
D. vulgaris ready [NiFe] MIR 0.18 Higuchi et al. 1997 1H2A
D. vulgaris active MR 0.14 Higuchi et al. 1999 1H2R
D. fructosovorans [NiFe] MR 0.27 Montet et al. 1997 1FRF
unready 0.18 Montet 1998e f
Dm. baculatum active [NiFeSe] MR 0.22 Garchin et al. 1999 1CC1
C. pasterurianum [Fe] MAD 0.18 Peters et al. 1998 1FEH
D. desulfuricans [Fe] MAD 0.16 Nicolet et al. 1999 1HFE
D. desulfuricans [NiFe] MR 0.18 Matias et al. 2001 1E3D

Notes
a Desulfovibrio (D.), Clostridium (C.), Desulfomicrobium (D.); Unready: inactive oxidised forms, activated after a

prolonged exposure to H2; Ready: inactive oxidised forms, immediately active after exposure to H2; Active:
reduced forms (Chapter 7).

b Methods: multiple isomorphous replacemenlt (MIR), molecular replacement (MR), multiple anomalous disper-
sion (MAD).

c Res.: resolution.
d Deposition code in the Protein Data Bank: http:www.rcsb.org.
e Thèse (Université Joseph Fourier, Grenoble).
f To be deposited.

Table 6.2 Structural features of the periplasmic [NiFe] hydrogenase of the sulfate-reducing
bacterium D. gigas

Molecular weights (g/mol)
Total 89,000
Large subunit, gene sequence 61,482 (551 a.a.)
Large subunit, mature sequence 59,450 (536 a.a.)
Large subunit, measureda 59,459 � 6
Small subunit, gene sequence 28,324 (264 a.a.)
Small subunit, measureda 28,321 � 3
Number of iron atoms 12
Acid-labile sulfides 12
[4Fe4S] 2�/1� clusters 2
[3Fe4S] 1�/0 clusters 1
Nickel atom 1
Diatomic non-protein ligands 2 CN�; 1CO
Other metal Mg

Note
a By electrospray mass spectroscopy.
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(several tens of milligrams) are required to search for the optimal composition of the
crystallisation medium.

Single crystals of both [NiFe] and [Fe] hydrogenases have been obtained (e.g.
Higuchi et al. 1987, Fig. 6.1) by classical vapour diffusion, microdialysis or micro-
capillary batch diffusion methods, preferably under anaerobic conditions (Further
reading: Ducruix and Giégé 1992). These crystals are equilibrated with glycerol
and stored either under argon or, better, in a glove box under anaerobic conditions
(oxygen concentration less than 1 ppm) or, best, in liquid nitrogen after ‘flash cool-
ing’. To determine the phases of the diffracted X-rays, for the [NiFe] hydrogenases
from Desulfovibrio gigas and Desulfovibrio vulgaris (Miyazaki), crystals of various
isomorphous heavy-atom derivatives were prepared: native protein crystals (which
comprise around 50 per cent by volume of solvent) were soaked in solutions con-
taining heavy-atom reagents at, typically, 5 mM concentrations.

A frequently asked question concerns the actual functional state of the crystallised
protein. EPR analyses have shown, for example, that the enzyme present in aerobi-
cally prepared crystals of [NiFe] hydrogenase from D. gigas is mainly in its inactive,
unready (Ni-A) state. However, it can be activated after prolonged incubation under
hydrogen in the presence of methyl viologen (Nivière et al. 1987).

6.1.2. From X-ray diffraction to electron density

Except for ‘in house’ preliminary studies, the intensities of X-rays diffracted by
hydrogenase crystals are now usually obtained with synchrotron radiation (Fig. 6.2)
and detected by image plate or charge coupled device (CCD) detectors. To limit the
damage induced by the powerful photon flux of synchrotrons, the crystals are usually
mounted in a small loop, flash cooled in either liquid propane or nitrogen and stored

Figure 6.1 Crystal of D. vulgaris hydrogenase.
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at about 80 K. Subsequently, they are transferred and maintained at about 100 K in a
stream of cold nitrogen gas during the X-ray diffraction data collection (Fig. 6.3).

To determine the first molecular architectures of both [NiFe] and [Fe] hydro-
genases, the initial phases of the diffraction data were derived either by combining
multiple isomorphous replacement (MIR; involving in each case, the preparation of
several heavy atom derivatives) and anomalous diffraction methods (D. gigas and
D. vulgaris [NiFe] hydrogenases) or by the so-called multiple anomalous dispersion
method (MAD) (C. pasteurianum and Desulfomicrobium desulfuricans [Fe] hydro-
genases). In the case of the [NiFe] hydrogenase of D. gigas and the [Fe] hydrogenase
of D. desulfuricans these initial phases have been greatly improved and extended to
high resolution by averaging the electron density of molecules related by non-crystal-
lographic symmetry. For the other homologous [NiFe] hydrogenases the initial phases
were obtained by molecular replacement (MR). This led to electron density maps
with resolutions ranging from 0.29 to 0.14 nm (Table 6.1).

6.1.3. Building the atomic models

The three-dimensional atomic models are built manually within the electron density
maps by interactive computer graphics and adjusted by interleaving crystallographic
‘refinement’ cycles. Due to the high quality and resolution of the electron density
maps of hydrogenases, the fitting of the amino acid sequences and iron sulfur clusters
is generally straightforward. By contrast the electron density of the catalytic site of
both [NiFe] and [Fe] hydrogenases is more difficult to interpret. For example, the

Figure 6.2 European Synchrotron Radiation Facility (courtesy ESRF-Grenoble).
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electron density corresponding to the catalytic site of the D. gigas [NiFe] hydrogenase
shows, besides two high peaks corresponding to a nickel and an iron atom, three pro-
truding ellipsoidal features which can be modelled only with diatomic non-protein
molecules (Fig. 6.4). In a similar way the electron density of the catalytic site of [Fe]
hydrogenases can be modelled with two iron atoms, several diatomic ligands and a
small molecule binding the two iron atoms through thiolates (Fig. 6.5). Since in both
cases this complexity was completely unexpected, a great deal of effort and care had
to be devoted to try to identify unambiguously the nature of metal ions and the non-
protein ligands and to verify if they are intrinsic parts of the proteins rather than
artefacts.

6.1.4. Identification of metal atoms by X-ray diffraction

Elsa Garcin

A small fraction of the X-ray radiation is absorbed and re-emitted by inner shell elec-
trons. This ‘anomalous’ scattering, which becomes important for ‘heavy’ atoms,
differs in phases and amplitudes from the ‘normal’ scattering and depends on both
the nature of the atom and the X-ray wavelength. At wavelengths which are charac-
teristic of each element, the anomalous intensity changes abruptly (absorption edge,
e.g. at � � 1.743 Å for iron and � � 1.487 Å for nickel). Due to the high brilliance

Figure 6.3 X-ray diffraction setup at ESRF (BM2) (courtesy M. Roth IBS).
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and tunability of synchrotron radiation, it is possible to obtain accurate anomalous
intensities at chosen wavelengths. This has been crucial to locate and identify unam-
biguously the metal ions present in the active site of D. gigas hydrogenase.

Atomic absorption spectrometry, EPR spectroscopy and inductively coupled
plasma (ICP) analysis had shown that the D. gigas hydrogenase contains one nickel
and twelve (�1) iron atoms, eleven of which are distributed among the three [FeS]
clusters. This strongly suggested that the ‘remaining’ twelfth iron atom could be one
of the two metal ions revealed by the active site electron density. To verify this

Figure 6.4 A stereoview of the six-fold averaged electron density map of the catalytic site of the
D. gigas [NiFe]  hydrogenase in the as-prepared oxidised form at 0.25 nm resolution
(Volbeda et al. 1996).

Figure 6.5 Electron density map of the catalytic site of D. desulfuricans [Fe] hydrogenase at
0.16 nm resolution (Nicolet et al. 1999). PDT: 1,3-propanedithiol.
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hypothesis X-ray data were collected at wavelengths close to the iron absorption edge
and used to generate a double difference anomalous electron density map. As
expected, strong peaks show up in this map at the [FeS] clusters, but also an addi-
tional one is found at one of the two metal sites of the catalytic centre (Fig. 6.6). This
definitely confirms that this atom is iron.

The other metal that is close to Cys530 had been tentatively identified as a nickel.
Cys530 in D. gigas hydrogenase is homologous to a selenocysteine in the [NiFeSe]
Desulfomicrobium baculatum hydrogenase, which was demonstrated to be a ligand
of the nickel by EXAFS studies and EPR measurements on 77Se-enriched enzyme.
Moreover, an anomalous electron density map obtained from X-ray data collected
with a wavelength of 0.091 nm shows that the peak corresponding to the nickel atom
is higher than that corresponding to the iron (Volbeda et al. 1996). This is in agree-
ment with the expected values of the anomalous electron density of both these metal
atoms at that wavelength. In the same way an Ni and Fe atom in the active site of the
D. vulgaris hydrogenase have been unambiguously identified on anomalous electron
density maps obtained from X-ray data collected at the Ni and Fe absorption edge
respectively (Higuchi et al. 1997).

All these experimental results point unambiguously to a heterobimetallic catalytic
centre in [NiFe] hydrogenases, which thus deserve their previously assigned name
(Moura et al. 1988). Anomalous diffraction has been successfully used also to identify
the selenium atom of the selenocysteine binding to the nickel atom in Dm. baculatum
(Garcin et al. 1999).

6.1.5. Modelling the non-protein ligands

In the next chapter we will see how infrared studies on the inhibition of the
A. vinosum [NiFe] hydrogenase by carbon monoxide led to the discovery of intrinsic
diatomic non-protein moieties directly associated with the catalytic centres of [NiFe]

Figure 6.6 0.30 nm resolution double difference anomalous electron density map of the catalytic
site of D. gigas [NiFe] hydrogenase, with X-ray data collected at both sides of the Fe
absorption edge (Volbeda et al. 1996).
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and [Fe] hydrogenases. These moieties were subsequently identified by IR spec-
troscopy and chemical analysis as two CN�’s and one CO (Chapter 7). Consequently,
the three characteristic ellipsoidal features of an electron density map of the D. gigas
hydrogenase were modelled as two CN�’s involved in hydrogen bonds with protein
atoms (one CN� accepts two hydrogen bonds from the peptide NH and guanidinium
group of Arg463 and the other one forms two hydrogen bonds with the peptide NH
and the OH group of Ser486) and one CO completely surrounded by hydrophobic
residues (Volbeda et al. 1996, Fig. 6.4).

The same approach has also been followed to locate the CN�’s and CO’s at the
active site of other [NiFe], [NiFeSe] or [Fe] hydrogenases (Table 6.1). However, in
the particular case of the [NiFe] D. vulgaris hydrogenase (Higuchi et al. 1997, 1999a,
2000), one of the three diatomic ligands was modelled as SO on the basis of a higher
value of the corresponding electron density and pyrolysis measurements (Fig. 6.7).
More recently it has been proposed (Higuchi, personal communication) that, actually,
the D. vulgaris crystals might contain a mixture of molecules with different non-
protein ligands (i.e. SO or CO/CN�). Therefore, hydrogenase molecules might contain
either two CN� and one CO (Pierik et al. 1999) or one SO and two CO/CN� ligands
(Higuchi et al. 1997).

In the oxidised inactive [NiFe] hydrogenases, the electron density maps also show
a small feature bridging the Ni and Fe sites. Due to the protein environment, this site
has only room for a small species. In D. gigas hydrogenase this was assigned as a
�-oxo or hydroxo ligand on the basis of the electron density and EPR data of 17O2
treated enzyme which had shown an Ni EPR signal broader than that of the 16O2
treated enzyme (Chapter 7). In D. vulgaris hydrogenase, an Ni-Fe bridging feature
was modelled as a sulfur species (Higuchi et al. 1997). This is in accordance with
measurements of the amount of hydrogen sulfide liberated upon reduction of the
enzyme (Higuchi et al. 1999a). Whatever its exact nature, no such bridging ligand is
visible in reduced, active hydrogenases (Higuchi et al. 1999b; Garcin et al. 1999).

Figure 6.7 A stereoview of the electron density map of the catalytic site of the D. vulgaris [NiFe]
hydrogenase in a reduced form at 0.14 nm resolution (Higuchi et al. 1999b).
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6.1.6. More metals

In [NiFe] hydrogenases a large peak of density is found in the vicinity of the C-
terminal histidine of the large subunit. This peak has been modelled as a magnesium
(D. gigas) or an iron ion (Dm. baculatum) (Garcin et al. 1999) following ICP analy-
sis of the metal content of the respective proteins and anomalous X-ray dispersion
data. In the D. vulgaris hydrogenase, an Mg atom was also modelled in the same
location at the C-terminal end of the large subunit on the basis of the size and shape
of its electron density, temperature factor and coordination (Higuchi et al. 1997).

6.2. Structures of [NiFe] hydrogenases

6.2.1. An overall view

With now four structures at hand, the D. gigas hydrogenase (Fig. 6.8), the first
hydrogenase structure to have been determined (Volbeda et al. 1995), can be con-
sidered as a prototype of these enzymes (Fig. 6.9). The molecule appears as a glob-
ular heterodimer with a radius of about 3 nm. The large subunit contains the
catalytic site. The small subunit holds the three [FeS] clusters which are disposed
along an almost straight line, at ~1.2 nm from each other, with a [3Fe-4S] cluster
located halfway between two [4Fe-4S] clusters. One of the [4Fe-4S] clusters is
located at ~1.3 nm from to the active site and it is called proximal. The other [4Fe-
4S] cluster, called distal, is found near the molecular surface with the imidazole ring
of its unusual histidine ligand partially exposed to solvent.

The large and small subunits interact extensively with each other burying the
catalytic site and the proximal [4Fe-4S] cluster at about 3 nm from the molecular
surface. It is quite remarkable that the active site and the two most buried [FeS]
clusters are located close to the almost planar subunit interface. The large subunit
is anchored to the small subunit by about twenty-five side chains, of which several
very conserved ones interact with the proximal [4Fe-4S] cluster, pointing to the role
of this cluster as a direct partner of the catalytic site.

Interpretation of the electron density maps showed that the large subunit could
not be modelled beyond His536 (Fig. 6.10), that is fifteen amino acids short of the
551 residues predicted by the nucleotide sequence (Table 6.2). At about the same
time, the cleavage of this fifteen-residue stretch, which is performed by a specific
protease, was reported to be an obligatory step for the maturation of the enzyme
(Menon et al. 1993). It is also of interest to note that in all [NiFe] hydrogenase crys-
tal structures this buried C-terminal histidine is ligated to a metal atom which is
either a magnesium or an iron (see above).

The small subunit is composed of two domains. The N-terminal domain shows
the characteristic architecture of flavodoxin with the phosphate moiety of the flavin
cofactor occupying the binding pocket of the proximal [4Fe-4S] cluster. This N-
terminal domain, including the proximal cluster, is found in all [NiFe] hydrogenases
and is consequently an essential feature, both structural and functional, of these
enzymes. By contrast, the C-terminal domain that binds the other [FeS] clusters is
less organised and more variable in [FeS] cluster content and amino acid sequence.
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Xenon atoms
(single dark spheres)

Figure 6.8 Schematic drawing of the three-dimensional structure of D. gigas [NiFe] hydrogenase
(PDB entry: 2FRV) and close up on the active site (top and Fig. 6.10). Ribbons and
arrows represent �-helices and �-strands, respectively. The large subunit (top-left)
contains the active site. The small subunit (bottom-right) includes the three [FeS]
clusters: (two [4Fe-4S] and one [3Fe-4S]). Single dark spheres indicate xenon atoms
diffused in the crystal structure of D. fructosovorans hydrogenase.These atoms probe
channels (grid) connecting the catalytic site and the external medium (Montet
et al. 1997). Note, in the active site, the three non-protein diatomic ligands to the iron
and the Xe site, bridging Ni and Fe, which is occupied by an O2�/OH� species in the
most oxidised states and probably by a hydride in more reduced states.The vacant Y
Ni-coordinated site, close to one end of the hydrophobic channels, is a potential
molecular H2 binding site.
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6.2.2. Hidden at the centre of the molecule: The catalytic site

The catalytic site of the protein consists of a binuclear metallic centre with one nickel
and one iron atom linked to the protein by four cysteic thiolates. In the oxidised form
of the D. gigas [NiFe] hydrogenase, the nickel atom has three close and two distant
ligands in a highly distorted square pyramidal conformation, with a vacant axial
sixth ligand site, whereas the iron atom has six ligands in a distorted octahedral con-
formation. As mentioned above, three of the Fe ligands are diatomic molecules mod-
elled as two CN�’s and one CO in D. gigas, D. fructosovorans and Dm. baculatum
hydrogenases; also a �-oxo species bridging the nickel and iron atoms was modelled
in the oxidised forms of the former two hydrogenases (Table 6.1, Fig. 6.10). In the
D. vulgaris enzyme, however, the iron ligands were modelled as two CO and one SO,

Figure 6.9 Common architecture of [NiFe] hydrogenase crystal structures. [FeS] clusters,
metal and xenon sites are shown as spheres. Included is also an averaged internal
cavity map, calculated with an accessible probe radius of 0.1 nm, of D. gigas and Dm.
baculatum hydrogenase.
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and the additional ligand bridging the nickel and the iron as a sulfur species. In all
the reduced forms no significant density was found at this metal bridging position.
Since it is difficult to detect hydride in electron density maps obtained by X-ray crys-
tallography even at 0.14 nm resolution (Higuchi et al. 1999b), the possibility that the
bridging site is occupied by a hydride ion, which would have mechanistic implica-
tions, cannot be excluded.

6.2.3. Accessibility of the [NiFe] active site

To ‘shuttle’ between the catalytic site located at the centre of the molecule and the sur-
face, the components of the reaction, i.e. molecular hydrogen, protons and electrons,
have to cover a distance of about 3 nm. To do so, they most probably use specific routes.

The spatial arrangement of the three [FeS] clusters in the molecule and the spec-
troscopic data suggest that they serve as relays for electron transfer between the active
site and the surface, either following a through-space mechanism or through bonded

Figure 6.10 The catalytic site of [NiFe] and [NiFeSe] hydrogenases in oxidised inactive (top) and
reduced active (bottom) states. Note the three non-protein diatomic ligands to the
iron.The ? site bridging the Ni and Fe is occupied by an oxygen or sulfur species in
the most oxidised states and probably by a hydride or molecular hydrogen in the
most reduced states.
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orbitals with occasional through-space jumps. The proximal [4Fe-4S] cluster could
directly exchange electrons with the active site, whereas the distal [4Fe-4S] cluster
probably mediates, through its histidine ligand, the electronic exchanges between the
hydrogenase and a functional partner, which could be a multihemic cytrochrome. By
contrast, the involvement of the medial [3Fe-4S] cluster is still debated due mainly to
its redox potential which is far higher than those of the redox centres involved in the
hydrogen activation. At any rate, reduction of the cluster potential through a site-
directed mutation that transforms the [3Fe-4S] in a [4Fe-4S] centre had little inci-
dence on the enzymatic activity (Rousset et al. 1998).

Protons move inside proteins through displacements of about 0.1 nm, which are
mediated by rotational and vibrational movements of donor and acceptor groups.
There exist several possible proton pathways connecting the active site and the mol-
ecular surface. These include histidines, carboxylate groups, which all have suitable
pKa’s for transferring protons, and internal water molecules which, because they can
simultaneously donate and accept two H bonds, can easily undergo H-bond
exchanges. However, these putative pathways are waiting to be confirmed by site-
directed mutagenesis studies.

One plausible pathway for protons within the large subunit is presented in Fig. 6.11.
It starts with the nickel bound cysteic thiolate that is substituted by selenate in
[NiFeSe] hydrogenases. This is H bonded to a completely conserved glutamic acid
residue (Glu18 in D. gigas), which, in turn, is connected by a network of hydrogen
bonds involving four structural water molecules, the C-terminal main chain carboxy-
late, an additional water molecule and another completely conserved glutamate
(Glu46 in D. gigas) to a water ligand of the C-terminal Mg or Fe site, near the pro-
tein surface. The last water molecule is within H-bonding distance of two additional
water ligands that are also H bonded to a third conserved glutamate (Glu321 in
D. gigas). The pKa of a water molecule may drop up to seven pH units when it is
bound to a metal. Therefore metal-bound waters appear to be especially well suited
for a role in proton transfer. This might provide an additional function for the metal
site found at the C terminus of the large subunit, besides the obvious structural role
and a possible involvement in the proteolytic processing of the C-terminal region of
the immature large subunit.

6.3. Hydrogen channels

Yaël Montet and Patricia Amara

A crucial aspect of the diffusion of gases from the molecular surface to the active
centres of enzymes is whether it requires random conformational fluctuations of the
protein matrix or if specific channels within the protein are employed. We have inves-
tigated gas diffusion in Ni-Fe hydrogenases (Montet et al. 1997). Early proposals sug-
gested that, as H2 is a small molecule, it probably does not diffuse through any special
channel. However, the analysis of the first X-ray structure of Ni-Fe hydrogenase
showed that the active site is buried within the large subunit at approximately 3 nm
from the surface, and this prompted us to consider the possibility of specific pathways
for H2 diffusion. A cavity map calculated with a probe radius of 0.1 nm, i.e. accessi-
ble for H2, from the model of D. gigas hydrogenase, revealed a large network of
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mainly hydrophobic channels, connecting the active site to the molecular surface.
This analysis also suggested different putative entrances at the protein surface and a
unique entrance to the active site (Fig. 6.11).

In order to test whether these channels have specially evolved to facilitate the access
of H2 to the active site, we have investigated their possible role by using Xe binding
in crystallographic experiments. Thanks to its ability to interact with proteins, xenon
is a convenient choice to investigate the gas accessibility of protein interiors by X-ray
crystallography, as it can be easily detected in difference Fourier electron density
maps. Xenon binding experiments were carried out using crystals of Ni-Fe hydroge-
nase of D. fructosovorans, which shows 64 per cent amino acid sequence identity
with D. gigas. X-ray diffraction data were collected on crystals that contained three
independent hydrogenase molecules and were exposed to 9 bars xenon atmosphere.
Ten major peaks were found in the averaged (FXe � Fnative) map and they were attrib-
uted to ten xenon sites. All these sites are located in the channels calculated in
D. gigas enzyme. Moreover their protein environment is highly hydrophobic.

Figure 6.11 A zoom of D. gigas hydrogenase, showing the heart of the [NiFe] hydrogenase
machinery. The [4Fe-4S]prox cluster is involved in electron transfer.A possible pro-
ton pathway, involving Glu18 and Glu46 of the large subunit and water molecules
(grey spheres), between the catalytic [NiFe] and the C-terminal metal site is indi-
cated with dashed lines. The end of a major internal hydrophobic cavity, which is
part of a possible route for molecular hydrogen, is represented by a grid at the bot-
tom-left. This end points towards a vacant Ni-coordination site.
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Finally, we have simulated the diffusion of both xenon and hydrogen in the protein
interior using molecular dynamics. First, in agreement with experiment xenon atoms
were found not to be able to diffuse to the active site, in contrast to H2 molecules.
Second, remarkably, in all the obtained trajectories hydrogen molecules never dif-
fused at random in the protein; rather, they always diffused through the calculated
hydrophobic channels. In conclusion, even though some fluctuations of the protein
medium might be necessary to enable the gas to pass through narrow channels con-
necting larger cavities, these hydrophobic channels seem to facilitate gas transfer and
gas storage in the protein. Our study strongly suggests that they have a functional
importance in gas transfer and play an instrumental role in gas metabolism.

6.4. Structures of [Fe] hydrogenases

6.4.1. An overall view

Two [Fe] hydrogenase structures have so far been determined: from C. pasteurianum
(Cp) (Peters et al. 1998) and D. desulfuricans (Dd) (Nicolet et al. 1999). They have
in common a large domain, which contains the catalytic site and three [4Fe-4S] iron
sulfur clusters. The catalytic site and the closest (proximal) cluster are deeply buried
inside the protein between two domains (or lobes), with access to a third, ferredoxin-
like, domain that contains the two remaining (medial and distal) clusters. By contrast
with [NiFe] hydrogenases the proximal [4Fe-4S] cluster is directly bridged to the bin-
uclear active site by a cysteic thiolate (Fig. 6.12).

The two structures differ in that: (1) the cytoplasmic Cp hydrogenase is made of a
single polypeptide chain. This includes the large active site and ferredoxin domains
and two additional domains, each with one [FeS] cluster, which give the molecule a
characteristic mushroom aspect; (2) the periplasmic Dd hydrogenase is made of two
chains: the large one includes the active site and ferredoxin domains, whereas the
small one is wrapped around the molecule and matches the C-terminal end of the Cp
hydrogenase. This difference in quaternary structure is most likely due to the inser-
tion of a signal peptide sequence in the gene of Dd at the N-terminal end of the cor-
responding small subunit polypeptide. This peptide is necessary for translocation of
the enzyme into the periplasmic space (Hatchikian et al. 1999).

6.4.2. The active site

The core of the [Fe] hydrogenase catalytic site consists of a bimetallic centre with two
iron atoms (termed Fe1 and Fe2) bridged by CO and a small molecule initially mod-
elled in the Dd enzyme as a 1,3-propanedithiol on the basis of the electron density
alone. Each iron atom is also liganded to two diatomic molecules, assigned to one CO
and one CN� (Fig. 6.13). It is quite remarkable that this catalytic site is bound to the
protein through only one cysteic thiolate ligand to Fe1 and hydrogen bonds involving
each of the CN� ligands. Fe1 has six ligands in a distorted octahedral conformation
whereas Fe2 has five ligands with an empty site in Dd and an additional putative
water ligand in Cp. This site most likely binds hydrogen, as shown by the fact that
CO, a competitive inhibitor of the enzyme, has been found to bind to it (Lemon and
Peters 1999).
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Figure 6.12 Schematic drawing of the three-dimensional structure of : (left) D. desulfuricans [Fe]
hydrogenase, consisting of two subunits. The large one (light grey) contains the
catalytic site and a ferredoxin-like domain containing the medial and distal [4Fe-4S]
clusters (Nicolet et al. 1999). The small subunit (dark), homologous to the C-
terminal region of C. pasteurianum hydrogenase, is wrapped around the large sub-
unit. Ribbons and arrows represent �-helices and �-strands, respectively. (right)
C. pasteurianum [Fe] hydrogenase, which consists of a single polypeptide chain. The
large C-terminal domain (top) contains the catalytic centre consisting of a binuclear
iron site bridged by a cysteic sulfur to the proximal [4Fe-4S] cluster. The N-
terminal region (bottom) includes a [2Fe-2S] plant ferredoxin-like domain, a two
[4Fe-4S] ferredoxin-like domain and a small exposed [4Fe-4S] domain (Peters et al.
1998). Ribbons and arrows represent �-helices and �-strands, respectively. (from
Nicolet et al. 2000 with permission from Elsevier Science)

Figure 6.13 The catalytic site of: (left) the D. desulfuricans [Fe] hydrogenase.The modelled PDT:
1,3-propanedithiol (see text) bridges the two sulfur atoms bridging in turn Fe1 and
Fe2 (medium-size gray spheres). Each iron binds two diatomic ligands: probably one
CO (dark end) and one CN� (gray end). The ligand bridging Fe1 and Fe2 has been
modelled as an oxygen atom. (right) C. pasteurianum [Fe] hydrogenase (all ligands
modelled as CO). The two sulfur atoms are bridged by a water molecule (black).
(from Nicolet et al. 1999 with permission from Elsevier Science)
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6.4.3. Access

As in [NiFe] hydrogenases the catalytic site is deeply buried inside the molecule. Here
again it appears that specific routes exist to mediate the transfer of electrons, protons
and hydrogen between this site and the molecular surface. Electrons may be trans-
ferred by the iron–sulfur clusters spaced as in [NiFe] hydrogenase at typical intervals
of about 1.2 nm. Protons might use several possible routes including an invariant cys-
teic thiolate, some negatively charged residues and water molecules. As in the case of
[NiFe] hydrogenase hydrogen molecules could ‘travel’ through a hydrophobic channel
(Fig. 6.14), the ends of which are facing the empty coordination site of Fe2 and the
external medium.

Figure 6.14 Gas access to the active site of D. desulfuricans [Fe] hydrogenase. A single channel
(rep resented by a grid) connects the active site to the molecular surface.The inter-
nal extremity of the channel faces the vacant site of Fe2 (see Fig. 6.13). (from Nicolet
et al. 1999 with permission from Elsevier Science)
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