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Since the discovery that, despite the active site complexity,
only three gene products suffice to obtain active recombinant
[FeFe]-hydrogenase, significant light has been shed on this
process. Both the source of the CO and CN� ligands to iron and
the assembly site of the catalytic subcluster are known, and an
apo structure of HydF has been published recently. However,
the nature of the substrate(s) for the synthesis of the bridging
dithiolate ligand to the subcluster remains to be established.
From both spectroscopy and model chemistry, it is predicted
that an amine function in this ligand plays a central role in catal-
ysis, acting as a base in the heterolytic cleavage of hydrogen.

Manymetalloenzymes have complex active sites that require
a series of proteins involved in the synthesis, transport, and
insertion of their components and their subsequent matura-
tion. Classic examples are nitrogenase (1), involved in nitrogen
fixation, and the [NiFe]-hydrogenase, capable of oxidizing
hydrogen and reducing protons depending on the physiological
conditions and cellular location (Reactions 1 and 2) (2).

H2 7 H��H�

Reaction 1

H� 7 H � � 2e�

Reaction 2

In both cases, there are �15 proteins involved in the assembly
of the active site and the generation of functional protein. This
minireview concerns the other “full-fledged” hydrogen-metab-
olizing enzyme, the [FeFe]-hydrogenase (2). (The [Fe]-hydro-
genase frommethanogens catalyzes only the first half-reaction
(Reaction 1) (3).) Crystallographic studies have shown that its
active site, called the H-cluster, contains three unusual types of
iron ligands: CO, CN�, and a small dithiolate [Fe2]-bridging
molecule, in addition to a regular [Fe4S4] subcluster (Fig. 1A)
(4–6). It was then surprising to find that the Chlamydomonas
reinhardtii [FeFe]-hydrogenase could be heterologously matu-
rated in Escherichia coli, which does not contain this enzyme,

by coexpressing only two other algal gene products (HydE-F
andHydG;HydE andHydF are coded by separate genes in other
species) (7). This does not necessarily imply that they are suffi-
cient, as other proteins from E. colimay substitute for those of
C. reinhardtii. This is in fact suggested by the limited amounts
of active [FeFe]-hydrogenase produced in vitro using purified
maturases (8–10). What is clear, however, is that the sub-
strate(s) for the synthesis of the active site ligands is present in
E. coli. As will be shown below, the source for the synthesis of
CO and CN� has been elucidated (11–13), but the precursor(s)
of the small dithiolate species remains to be identified. Because
of this, the nature of its bridgehead atom has not been directly
elucidated; however, as discussed below, indirect evidence and
chemical inference strongly suggest that it is nitrogen.
[FeFe]-Hydrogenases are found in bacteria, unicellular algae,

and protozoa, but they are absent in archaea. There is a general
trend for bacterial enzymes to be significantly more active than
protozoan enzymes.One intriguing observation thatwe discuss
below is the presence of the structural gene for [FeFe]-hydro-
genase and some hydrogenase activity in organisms that lack
the three maturase genes.

Activity of [FeFe]-Hydrogenase Maturases

HydF: A Scaffold for the [Fe2] Subcluster Assembly—Based on
amino acid sequence analyses, HydF is constituted by aGTPase
domain at theN-terminal region and aC-terminal domain con-
taining three conserved cysteines, putatively responsible for the
binding of an [FeS] cluster (7). Initial characterization of the
HydF protein from Thermotoga maritima confirmed its
GTPase activity, which is low compared with other enzymes in
this class (14). In the same study, the authors confirmed that
HydF reconstituted in vitro has an [Fe4S4] cluster bound by the
three conserved cysteine residues. The fourth ligand of the clus-
ter is exchangeable and is neither water nor nitrogen (14). Site-
directed mutagenesis confirmed that both the GTP-binding
site and the conserved cysteines are necessary for the activation
of hydrogenase (15). Recently, Shepard et al. (16) demonstrated
that the activity of the protein is GTP-specific and depends on
the nature of the monovalent cation present in the buffer.
Indeed, in the presence of K� instead of Na�, HydF displays a
higher activity, which is comparable with that of other
GTPases. This activity is not dependent on the presence of the
[Fe4S4] cluster. Subsequent studies using cell extracts demon-
strated that the Hyd machinery is solely responsible for the
assembly of the [Fe2] subcluster (17). To be activated, hydro-
genase requires the [Fe4S4] subcluster to be already bound at
the active site. A general FeS biosynthetic machinery, such as
the ISC system (18), most probably assembles this component
of the H-cluster. Purified HydF, previously coexpressed with
HydE and HydG, is capable of activating [Fe4S4]-containing
hydrogenase (9). This shows that HydF is a scaffold protein that
binds the products of HydE and HydG, assembles the [Fe2]
subcluster, and transfers it to hydrogenase. Both, homologously
and heterologously overexpressed HydF proteins, coexpressed
with HydG and HydE (HydFEG) or expressed alone (HydF�EG),
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have been recently characterized using several spectroscopic
techniques (16, 19, 20). The EPR spectrum of non-reconsti-
tuted and reduced HydF�EG displays signals that could be
attributed to [Fe4S4]1� and [Fe2S2]1� clusters (16). Conversely,
non-reconstituted reduced HydFEG exhibits only an [Fe4S4]1�

cluster EPR signal (16, 19). When oxidized, another signal sim-

ilar to that of the H-cluster is observed (16, 19). Contrary to
what is observed when HydF�EG is reconstituted, hyperfine
sublevel correlation spectroscopy studies of HydFEG suggest
that the fourth ligand of the [Fe4S4] cluster is histidine (19). The
authors proposed that this ligand bridges the [Fe4S4] and
[Fe2S2]1� clusters. The reconstituted HydF�EG only displays a

FIGURE 1. [FeFe]-Hydrogenase active site, its bio-inspired models, and HydF, the scaffold where the active site is assembled. A, the active site (H-cluster)
of [FeFe]-hydrogenase depicted with nitrogen as the bridgehead atom (see text) (2). B, proposed intermediate state of a synthetic nickel complex for H2
production with pendant amines (40, 41). C, functional model implying either an aza- or an oxadithiolate as the proton relay during catalysis by [FeFe]-
hydrogenase (39). Although, in this model, both oxygen and nitrogen can be protonated at the bridgehead position of the dithiolate, only the latter would be
physiologically relevant (39). D, crystal structure of dimeric apo-HydF from T. neapolitana (Protein Data Bank code 3QQ5) (21). The domains are numbered as
in text: domain I is a GTPase, domain II is the domain of dimerization, and domain III is where the [Fe2] subcluster is assembled. E, tetrameric dimer of dimers.
F, depiction of the region containing the conserved residues found near the three conserved cysteines. These could be part of the [Fe2] subcluster assembly
site. G, magnification of the region shown in F.
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signal corresponding to [Fe4S4]1�, in agreement with a content
of about four irons/proteinmonomer (14, 16). This observation
suggests that the [Fe2S2] cluster observed in the purified
HydF�EG cannot be reconstituted in vitro, requiring accessory
proteins, which are also present in organisms that do not have
an [FeFe]-hydrogenase. This may be due to the fact that this
[Fe2S2] cluster has to be coordinated by ligands other than cys-
teine. FTIR spectroscopy shows that, in its reduced state,
HydFEG generates bands assigned to twoCN� and four terminal
CO ligands (19). Upon oxidation, other bands appear, indicat-
ing that the sample contains species in different states (16, 19).
Notably, a band at 1811 cm�1 reveals the presence of a bridging
CO ligand. These results indicate that the center bound to
HydF is similar to the [Fe2] component of the H-cluster. The
same applies to EXAFS data, which show parameters similar to
those observed for that cluster (20). The resemblance of the
cluster assembled in HydF to the H-cluster is consistent with
the observation that, when coexpressed with HydG and HydE,
HydF displays significant hydrogen uptake activity (10).
The 3.0 Å resolution x-ray structure of the apo (GTP-free)

form of HydF from Thermotoga neapolitana has been recently
reported (21). As already suggested by its amino acid sequence,
the protein is composed of three distinct structural domains
(Fig. 1D). Domain I contains the GTP-binding pocket, and its
fold is similar to that of otherGTPases. Domain II is responsible
for HydF dimerization. Domain III contains the three con-
served cysteine residues responsible for the binding of the
[Fe4S4] cluster and is likely to harbor the scaffold site for
the [Fe2] subcluster. Analysis of the crystal structure led the
authors to conclude that HydF aggregates as a dimer of dimers
(Fig. 1E), which is an inactive form of the protein. Indeed, in the
tetramer, the putative scaffold site would not be accessible to
the other Hyd proteins. HydF tetramers (or dimers of dimers)
have been observed in solution in at least four different species,
T. neapolitana and Clostridium acetobutylicum (21) and
Moorella thermoacetica and T. maritima,2 and they seem to be
generally present in vitro. As indicated by modeling, the dimer
of dimers is not compatible with GTP binding by domain I
because of steric hindrance. By the same token, GTP binding
might prevent tetramerization, allowing HydF to interact with
its partners. Tetramerization might produce a resting state,
which either stabilizes the protein or protects the solvent-ex-
posed [FeS] cluster. Functional HydF is likely to be a dimer,
exposing domains I and III to solvent, thus allowing for the
interactions between partners that lead to the assembly of the
[Fe2] subcluster. Intriguingly, domain III is topologically related
to one subdomain of the H-domain of the HydA hydrogenase.
However, as pointed out by Cendron et al. (21), the superposi-
tion of the two domains is rather poor at the loops and �-turns
that define the cluster-binding pocket. This excludes the possi-
bility of unambiguously identifying the [Fe2] subcluster-bind-
ing pocket, which could lead, in turn, to amodel of the subclus-
ter-loaded HydF. Nevertheless, it is noteworthy that the
conserved Glu-300, His-304, Asp-310, Ile-311, Asn-379, and
Tyr-380 residues are located close to the three invariant cysteine

residues. Consequently, they could be part of the [Fe2] subclus-
ter-binding pocket (Fig. 1, F andG). Potential iron ligands, such
as glutamate and histidine, may be instrumental in the transi-
tion of an [Fe2S2] rhomb to a fully assembled [Fe2] subcluster
during the maturation process. Because [Fe4S4] binding would
require a rearrangement of the loop containing Cys-302, it
appears that the amino acids that spatially define the subclus-
ter-binding pocket in the activeHydFdonot adopt their correct
conformations in the crystal structure. The structure of holo-
HydF would be most useful in this respect.
HydG:ACOandCN� Synthase—Amino acid sequence com-

parisons indicate that HydG should have the (��)8 TIM barrel
fold already found in biotin synthase (BioB) (22) and HydE (23)
(see below). In addition, HydG proteins have an 80–90-resi-
due-long C-terminal stretch (11). This region contains a con-
served CX2CX22C motif and is absolutely required for hydro-
genase maturation (15). Preliminary characterization of HydG
from T. maritima suggested the existence of an [Fe4S4] cluster,
in addition to the one typically found in radical S-adenosyl-L-
methionine (SAM)3 enzymes (24). This assumption has been
confirmed by a recent characterization of C. acetobutylicum
HydG after in vitro [FeS] cluster reconstitution (12). No fourth
ligand for this cluster has been identified to date. Intriguingly,
HydG expressed inC. acetobutylicum seems to harbor only one
[Fe4S4] cluster per monomer (19).
The amino acid sequence of the radical SAM domain of

HydG resembles that of ThiH (11). The latter cleaves tyrosine,
producing p-cresol and dehydroglycine (25). We have shown
that HydG also cleaves tyrosine and produces p-cresol (Fig. 2,A
and C) (11). This result is consistent with the 5-fold higher in
vitro activation of an [FeFe]-hydrogenase by this aromatic
amino acid (26). Shortly thereafter, it was demonstrated that
HydGproduces bothCN� andCO (12, 13). FTIR spectroscopic
characterization of in vitro activated [FeFe]-hydrogenase in the
presence of isotopically labeled tyrosine demonstrated that the
CN� and CO ligands originate from its -C�-N and -CO2

� moi-
eties, respectively (10).
Mutating two of the cysteine residues from the C-terminal

stretch of the C. acetobutylicumHydG protein into serine does
not impair CN� production. Conversely, thesemutations com-
pletely abolish CO synthesis, indicating that this process
requires the second [Fe4S4] cluster (Fig. 2,A andC) (27, 28).We
concluded that, although CO and CN� are produced at similar
rates (12, 13), their syntheses are not simultaneous and are
likely to occur at different locations of the protein (27, 28). A
comparison ofHydGandThiH, using theHydE andBioB struc-
tures for amino acid sequence threading, indicates that the res-
idues lining the TIM barrel cavity can be grouped into three
layers (28): one layer common to all radical SAM enzymes
involved in [Fe4S4] binding and SAM cleavage, a second layer
common to HydG and ThiH and probably involved in tyrosine
binding, and a third layer containing residues that are different
in ThiH and HydG (Fig. 2C). The latter reflects the dissimilar
roles that the products resulting from tyrosine C�–C� bond
cleavage will play. Indeed, the dehydroglycine produced by

2 L. Martin, Y. Nicolet, and J. C. Fontecilla-Camps, unpublished data.

3 The abbreviations used are: SAM, S-adenosyl-L-methionine; DTN,
dithiomethylamine.
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FIGURE 2. Two radical SAM maturases HydG and HydE. A, plausible reaction path for the generation of the CO and CN� ligands of the [Fe2] subcluster of
[FeFe]-hydrogenase by HydG. B, small angle x-ray scattering-generated envelopes for C-terminally truncated HydG (left) and wild-type HydG (right) with a fitted
model of the truncated form of the enzyme (28). Note the extra volume in the envelope of the latter that should correspond to the C-terminal [FeS] cluster-
containing domain. C, depiction of the topology of the CO/CN� synthesis by HydG from tyrosine (see text). Shading represent the SAM-binding region (orange),
the substrate-binding region (blue), and the specificity region (green). See also Ref. 27. D, crystal structure of HydE from T. maritima (Protein Data Bank code
3CIW) (23). E, scheme of the internal cavity of HydE. The three anion-binding sites and residues known to be essential from mutagenesis studies are indicated.
The brown circle depicts the substrate-binding region. The small organic active site ligand is assumed to be DTN (see text). F, effect of �SCN binding (right) on
the internal HydE cavity shape. The region where changes take place is indicated by a red ellipse. G, magnification of the HydE active site showing (i) the
substrate-binding region (large purple sphere), anion-binding site S1 (red sphere), and a potential cation-binding site (blue sphere) and (ii) bound SAM with its
5�-carbon depicted as a small brown sphere. Conserved residues at the SAM- and substrate-binding sites known to play a role in HydE activity (23) are shown.
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ThiH, rather than generating CO and CN�, is subsequently
inserted into thiamin in the vitamin B1 synthetic pathway (25).

We have performed small angle x-ray scattering experiments
using both wild-type HydG and a C-terminally truncated
mutant. These studies show that the C-terminal stretch that
coordinates the second [Fe4S4] cluster forms a domain that
interacts extensively with the bottom of the TIM barrel (Fig.
2B) (28). The truncationmutant is still capable of cleaving tyro-
sine to produce p-cresol (28). However, because of the detec-
tion limits of the techniques used tomeasure CN� (13, 27), it is
not clear whether small amounts of CN� are still produced by
the mutant (28).
On the basis of these results, we have proposed amechanism

that invokes reactions taking place along the internal cavity of
HydG (Fig. 2C) (27, 28). It involves a glycyl radical resulting
from cleavage of the C�–C� bond of tyrosine. This radical
would subsequently undergo deprotonation followed by homo-
lytic decarboxylation, leading to the production of H2C�NH
and a �CO2 radical species. H2C�NH can be a precursor in
HCN synthesis (Fig. 2A) (29). Conversely, �CO2 can be reduced
to CO through a metal-based reaction (30), which could occur
at the available iron-binding site of the second [Fe4S4] cluster
(Fig. 2C). Further work will be required to elucidate the com-
plete mechanism of CO and CN� synthesis by HydG.
HydE: The Putative Small Dithiolate Ligand Synthase—As

discussed above, HydG is responsible for CO and CN� synthe-
sis, and HydF serves as a scaffold for the [Fe2]-containing sub-
cluster assembly, prior to its insertion into the hydrogenase.
Proceeding by elimination, HydE is most likely involved in the
production of the small dithiolate [Fe2] ligand of the active site.
The substrate of HydE is not known, but it must be a common
metabolite because coexpressing the three maturases and the
[FeFe]-hydrogenase in an organism lacking the latter, such as
E. coli, leads to the production of active enzyme (8). As
expected from previous multiple amino acid sequence align-
ments (31), the structure of HydE from T. maritima contains
the (��)8 TIM barrel and the [Fe4S4] cluster responsible for
SAM binding and cleavage already seen in BioB and typical of
radical SAMproteins (23, 32). The structure confirms the pres-
ence of an additional site that also has three cysteine residues
and binds an [Fe4S4] cluster in solution (24). Despite numerous
attempts to obtain an [Fe4S4] cluster at this site in the HydE
crystals, only an [Fe2S2] cluster was observed in our structure.
The significant similarity between HydE and BioB, which is
responsible for sulfur atom insertion from an [Fe2S2] cluster
into dethiobiotin, suggested that the second cluster could be
the sulfur source, involving amechanism similar to that of BioB
(33). However, the location of this cluster is different in the two
proteins, and mutating the cysteine residues responsible for
[Fe2S2] cluster binding to HydE did not affect hydrogenase
activity (23). This is consistent with the results of an amino acid
sequence analysis of HydE from different organisms that
unveiled two subclasses of enzyme, distinguishable by the pres-
ence or absence of the cysteine ligands to the second [FeS] clus-
ter (23). This observation rules out this cluster as a possible
sulfur source for biosynthesis of the small dithiolate [Fe2]-
bridging species. Three options for the origin of the sulfur
atoms in this molecule may be considered. 1) HydE synthesizes

it from a yet unknown substrate and an external sulfur source,
such as an activated cysteine desulfurase; 2) the substrate of
HydE already contains the required sulfur atoms; or 3) HydE
synthesizes an intermediate, which reacts on the [Fe2S2] cluster
of HydF to produce the [FeFe]-dithiolate cluster directly at the
scaffold site. No experimental evidence is available to discrim-
inate between these three possibilities. However, it is worth-
while to mention that, under certain conditions, HydE co-pu-
rifies with HydF, suggesting a direct interaction between the
two partners (9). In addition, in C. reinhardtii, hydE and hydF
are fused as one gene (7).
The x-ray structure of HydE also reveals a large internal cav-

ity, which spans the full length of the (��)8 barrel (23). Its pos-
itive surface potential indicates that HydE should be able to
bind molecules with negatively charged moieties. This was in
fact confirmed by the presence of three distinct anion-binding
sites in the structure (Fig. 2, D–F) (23). Moreover, an in silico
docking experiment using 20,000 molecules, combined with
site-directed mutagenesis experiments, allowed us to define a
minimal substrate-binding volume close to SAM (Fig. 2G) (23).
Some structural features required for binding to HydE near
SAM could also be identified. Thus, the natural substrate
should contain at least two negatively charged moieties, sepa-
rated by enough atoms to allow their respective binding to sites
S1 and S2, identified by bromide binding (Fig. 2, E and F) (23).

Crystal soaking experiments with several small molecules
used as leads showed that thiocyanate binds HydE with high
affinity at the third anion-binding site, S3, located at the bottom
of the barrel (23). Although the 1.35 Å resolution x-ray struc-
ture has not provided further clues regarding the nature of the
HydE substrate, ligand binding studies have been informative
concerning the synthesis and transfer of the product of the
enzyme to its partner. For instance, thiocyanate binding causes
the rearrangement of a ring of conserved hydrophobic residues,
dividing the internal cavity of HydE into two pockets (Fig. 2F)
(23). Site-directed mutagenesis has shown that conserved resi-
dues, essential to HydE function, are present in both of these
pockets (Fig. 2G) (23). This suggests that, after the radical-
based reaction occurs at the substrate-binding pocket, the
product will migrate to the bottom of the barrel, where thiocy-
anate binds, to be subsequently transferred to HydF (34). Thus,
the ring of conserved hydrophobic residues may serve as a
structural intermediate, exchanging information on the sub-
strate/product binding status between pockets. It may
also serve as a one-way valve to drive transfer of the small
dithiolate species or its precursor to HydF. Both HydE and
HydGmay be described as nanofactories using their large inter-
nal cavities as assembly lines. Radical-based reactions are initi-
ated at the top end near SAM,whereas intermediates and prod-
ucts move to the bottom end, where the latter are released.

Nature of the Bridgehead Atom of the
Dithiolate-containing Small Active Site Molecule

In an initial report, Peters et al. (5) modeled the [Fe2] sub-
cluster of the active site in Clostridium pasteurianum [FeFe]-
hydrogenase I with two sulfide ions and a bridging water
molecule, although it was stated that there was residual unex-
plained electron density. Subsequently, we reported the 1.5 Å
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resolution crystal structure of the enzyme from Desulfovibrio
desulfuricans and showed that the two iron-bridging sulfur
atoms are connected by three light atoms (4). At the usual
resolutions, protein crystallography cannot distinguish
between carbon, nitrogen, and oxygen, and at the time, we
described that molecule as propane dithiolate. However, both
structural and functional arguments led us later to conclude
that the bridgehead atom should be nitrogen and the smallmol-
ecule a dithiomethylamine (DTN) (6). First, in our structure,
the bridgehead atom is 3.1 Å from the S� of Cys-178; this dis-
tance is compatible with an H-bond between the two atoms, as
required for the proton transfer path proposed byCornish et al.
(36). Second, the heterolytic cleavage of H2 requires both pro-
ton- and hydride-binding species. The bridgehead atom is ide-
ally placed to play the role of a base so that theH2molecule gets
polarized between this atom and the distal iron ion. This obser-
vation also favors nitrogen as the bridgehead atom because nei-
ther carbon nor oxygen could play that role under physiological
conditions. The first step in proton transfer from the active site
would then be the translocation of a proton bound to nitrogen
through a facile Walden-like inversion.
Indirect spectroscopic and chemical evidence also favors

nitrogen as the bridgehead atom. Using hyperfine sublevel cor-
relation spectroscopy, Lubitz and co-workers (37) identified
three distinct types of nitrogen atom (amine, cyanide, and �-
amino from lysine) at or in the vicinity of the D. desulfuricans
[FeFe]-hydrogenase H-cluster. The detection of an amine at or
near the active site of the enzyme provides strong evidence for
nitrogen being the bridgehead atom of the bridging dithiolate.
Furthermore, in a more recent publication, these authors
showed that an H-cluster-mimetic small molecule containing a

central nitrogen atom displays hyperfine couplings that are
quite similar to those found in the Hox state of the hydrogenase
(38). The same situation applies when the respective 14N
nuclear quadrupole couplings are compared. Both studies have
been complemented with theoretical analyses.
Rauchfuss and co-workers (39) compared functional models

of the [FeFe]-hydrogenases containing carbon, oxygen, and
nitrogen at the bridgehead position (Fig. 1C) and found that
both azadithiolates and oxodithiolates can relay a proton to
iron.However, only the former enables hydride formation from
weak acids, which is relevant to biological catalysis that nor-
mally takes place at low overpotentials. DuBois and co-workers
(40) provided what is perhaps the most impressive confirma-
tion of the role of amines in hydrogen catalysis by small syn-
thetic metal-containing catalysts. One of their catalysts can
readily convert to a transition state (Fig. 1B), containing a
hydride on a nickel ion and a proton on a pendant amine (41).
An alternative proposition for the identity of the bridgehead

atom has been put forward by Szilagyi and co-workers (42).
Using the 1.39 Å resolution structure of C. pasteurianum
hydrogenase I and energy considerations, these authors con-
cluded that the most likely bridgehead atom is oxygen (42).
Conversely, in a more recent publication, Grigoropoulos and
Szilagyi (43) proposed that the most favored biosynthetic path-
way for the dithiolate ligand would start with a long alkyl chain
and lead to propane dithiolate. The synthesis of this molecule
would involve radical chemistry on an [Fe2S2] cluster. As dis-
cussed above, themost likely candidate to catalyze the synthesis
of the dithiolate ligand is HydE. Because the second [FeS] clus-
ter of this enzyme is not conserved, the proposed mechanism
would require migration of a radical species generated in HydE
to, presumably, HydF.
In summary, although oxygen and carbon have also been

proposed as the bridgehead atom of the small dithiolate species
and a direct demonstration of its nature is lacking, accumulated
spectroscopic and chemical evidence favors nitrogen in DTN.
The identification of the substrate of HydE would settle this
issue.

Maturation and Activity of [FeFe]-Hydrogenases without
Maturases

Puzzling results have been obtained when expressing the
structural hydrogenase genes in organisms devoid of the Hyd
maturases and without the coexpression of these enzymes.
Thus, the hydrogenase activity of lysates of E. coli transfected
with the protozoan Entamoeba histolytica structural gene is
�10 times higher than the activity of the control E. coli lysate
without it. (This information, along with the activities of other
[FeFe]-hydrogenases not discussed here, is provided in Table
1.) In the same study, the hydrogenase activity of a non-trans-
formed Trichomonas vaginalis extract was four to five times
higher than that of E. coli lysates containing the recombinant
E. histolytica hydrogenase (Table 1). In another report (44),
extracts of the cyanobacterium Synechocystis sp. transfected
with a C. reinhardtii hydA gene but without maturase genes
displayed 5-fold higher hydrogenase activity than the non-
transfected extracts (Table 1).However, the expression levels of
active enzyme were very low (44).

TABLE 1
Specific hydrogenase activities of purified enzymes and cell extracts

Organism

Hydrogenase activities of
purified enzymes

Ref.Uptake Evolution

�mol H2 min�1 mg�1

T. maritima 45–70 9–15 50
D. desulfuricans 19,300 (60,000)a 8,200 51
C. pasteurianum 5,500 52
T. vaginalis 662 53
Megasphaera elsdenii 9,000 7,000 54
C. reinhardtii 935 55
C. reinhardtiib 150 15
Clostridium thermoaceticum
CODH

0.59 56

C. thermoaceticum PFORc 0.14 56

Nickel rubredoxin 1.3 � 10�3 54

Organism

Hydrogenase activities of
cell extracts

Ref.Uptake Evolution

�mol H2 min�1 mg�1

T. vaginalis 0.17/0.48 48 and 57
C. reinhardtiid 0.11 15
E. histolyticae 0.036 48
E histolyticaf 0.0035 48
E. colid 0.00035 15
a Activity after reductive activation.
b Coexpressed in E. coli with C. acetobutylicummaturases.
c PFOR, pyruvate:ferredoxin oxidoreductase.
d Activity per milliliter instead of per milligram of cell extract
e Expressed in E. coli.
fOverexpressed in E. histolytica.

MINIREVIEW: [FeFe]-Hydrogenase Active Site Assembly

APRIL 20, 2012 • VOLUME 287 • NUMBER 17 JOURNAL OF BIOLOGICAL CHEMISTRY 13537

 at M
assachusetts Institute of T

echnology, on M
ay 18, 2012

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/


The hydrogenase activity from cell extracts transfected with
structural genes but without maturases remains very modest.
Ideally, the specific activity of purified enzymes should be
determined to be able to establish meaningful comparisons
between, for instance, E. histolytica [FeFe]-hydrogenase and its
very active bacterial counterparts (Table 1). Given the struc-
tural complexity of the hydrogenase active site (Fig. 1A), it
seems very unlikely that it could be fully assembled without the
HydE-G maturases. An alternative option could be a partially
assembled active site, like the one observed in the crystal struc-
ture of C. reinhardtii hydrogenase, expressed in the absence of
the corresponding maturases (45). Such a site that contains the
[Fe4S4] component of the H-cluster might still catalyze H2 evo-
lution, albeit at significantly lower levels than a correctly assem-
bled active center. Low levels of hydrogen evolution have been
detected in CO dehydrogenase and pyruvate:ferredoxin oxi-
doreductase in the presence of their substrates (Table 1), and
nitrogenase naturally evolves H2 during nitrogen fixation (1).
These three enzymes have iron- and sulfur-containing clusters.

Even a nickel-substituted rubredoxin displays some (very low)
hydrogen evolution activity (Table 1).
The most intriguing case is the human pathogen Giardia

intestinalis, which seems to lack both hydrogenosomes and
hydrogenase maturase genes (46); it still has the structural
hydrogenase gene, and it is reported to have detectable intrinsic
hydrogen-evolving activity in its cytoplasm (47, 48). This activ-
ity (2 nmol/min/107 cells) is �10 times lower than hydrogen
evolution in T. vaginalis under the same conditions.
The low hydrogenase activity of protozoa in general seems to

result from limited enzyme expression. As discussed above, it
may also be related, in some cases, to partial assembly of the
H-cluster due to the absence of maturases, essential for the
synthesis of CO, CN�, and the small dithiolate [Fe2]-bridging
molecule. Alternatively, in the latter cases, these gene products
could have functions other than hydrogen evolution, this activ-
ity being vestigial. Indeed, G. intestinalis has been described as
a recent derivative of an aerobic lineage (47), in which case, the
hydrogenase genewould have been acquired by horizontal gene

FIGURE 3. Our working hypothesis concerning the assembly and insertion of the active site of [FeFe]-hydrogenases. The scaffold protein HydF is the
central component of the Hyd synthetic machinery. We favor a sequence in which HydE delivers its product to the scaffold before HydG because HydE and
HydF interact very closely (8), and hydE and hydF are fused as one gene in C. reinhardtii (7). The purified HydF�EG protein contains [Fe4S4] and [Fe2S2] clusters,
probably bridged by a histidine residue (19). By the action of HydE, the [Fe2S2] cluster either is replaced or is a substrate for the synthesis of an Fe2DTN species.
HydG subsequently donates the CN� and CO ligands to the nascent [FeFe] subcluster. These two processes may require GTP hydrolysis. At this point, the
species assembled in HydF to be transferred to HydA is similar to its active site and displays hydrogenase activity (20). After transferring its product to HydA,
HydF should contain only an [Fe4S4] cluster as the protein obtained after in vitro reconstitution (9). An external and yet unidentified protein may be required
to reassemble the [Fe2S2] cluster in HydF to start a new synthetic cycle. Here, we have assumed that its sulfide ions are originally generated from cysteine by a
desulfurase (18).
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transfer. Proteins like Narf and Nar may represent an extreme
case of functional evolutionary divergence from [FeFe]-hydro-
genase (49).

Conclusions

In this minireview, we have addressed the assembly process
and the nature of the small dithiolate species of [FeFe]-hydro-
genases. Because of the joint efforts of several laboratories, an
increasingly clearer picture of thematuration process is emerg-
ing (Fig. 3). A major next step will be the identification of the
substrate of HydE, which most likely is responsible for the syn-
thesis of the small dithiolate-containing molecule at the active
site. This will, in turn, definitively establish the identity of the
bridgehead atom of the dithiolate. Another point that needs to
be studied is the composition of the active site of hydrogenases
found in organisms that lack the corresponding maturases.
Given the complexity of the maturation process and the active
site components, it would be very surprising to find a fully
assembled H-cluster in the absence of the Hyd proteins.
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