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Abstract The organometallic H-cluster at the active site
of the [FeFe]-hydrogenase serves as the site of reversible
binding and reduction of protons to produce H,. The
H-cluster is unique in biology, and consists of a 2Fe sub-
cluster tethered to a typical [4Fe—4S] cluster by a single
cysteine ligand. The remaining ligands to the 2Fe sub-
cluster include three carbon monoxides, two cyanides, and
a dithiomethylamine. This mini-review will focus on the
significant advances in recent years in understanding the
pathway for H-cluster biosynthesis, as well as the struc-
tures, roles, and mechanisms of the three enzymes directly
involved.
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assembly - HydE - HydG - HydF - Carbon monoxide -
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Introduction

The [FeFe]- and [NiFe]-hydrogenases catalyze reversible
hydrogen oxidation and both require m-acid nonprotein
ligands at the active site metal cluster for catalysis [1-3].
The [FeFe]-hydrogenases, the focus of this review, have
one bridging and two terminal carbon monoxides, two
terminal cyanides, and a bridging dithiomethylamine all
coordinating a 2Fe cluster that is bridged to a [4Fe—4S]
cluster (Fig. 1) [4-9]. The iron distal to the [4Fe—4S]
cluster is the presumed site of reversible proton reduction,
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and the m-acid ligands are thought to stabilize low oxida-
tion states of the iron ions while reducing back-donation to
H, to prevent hydride formation [10, 11]. The dithiom-
ethylamine ligand bridges the two irons in the subcluster
and is proposed to be involved in proton transfer during
catalysis [12].

Production of an active [FeFe]-hydrogenase requires
simultaneous expression of hydA (the structural gene)
and three additional genes, hydE, hydF, and hydG [13, 14].
Deduced amino acid sequences indicate that two of the
accessory proteins, HydE and HydG, belong to the radical
S-adenosyl-L-methionine (SAM) superfamily [14] raising
the intriguing question of how radical SAM chemistry is
involved in H-cluster biogenesis. The amino acid sequence
of the third accessory protein, HydF, contains a grouping of
potential metal-binding residues in addition to Walker A
P-loop and Walker B Mg " binding motifs characteristic of
NTPases [14]. In the 10 years since the initial discovery of
these accessory proteins, considerable progress has been
made in understanding the roles of each enzyme in [FeFe]-
hydrogenase maturation.

[FeFe]-hydrogenase structure and mechanism

The first published X-ray crystal structures of the [FeFe]-
hydrogenases from Clostridium pasteurianum (Cpl) [4]
and Desulfovibrio desulfuricans (Dd) [5] revealed the
unique architecture of the 6Fe active site (Fig. 1). While
the details of the diatomic ligands would only be revealed
by later studies [15], these structures pointed to the unusual
nature of the cluster where protons are reduced to form H,.
Four of the six irons are associated with a [4Fe—4S] cubane
similar to those found widely in biology, with the cubane
bridged by one of its thiolate ligands to a 2Fe subcluster
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Fig. 1 The structure of the [FeFe]-hydrogenase (Cpl) from Clostrid-
ium pasteurianum. Color scheme: gray active site domain containing
the H-cluster; deep purple domain 2 containing two [4Fe—4S]
clusters; purple domain 3 containing one [4Fe—4S] cluster; light pink
domain 4 containing one [2Fe-2S] cluster. Atoms are colored: gray
C; blue N; red O; rust Fe; yellow S. A series of iron—sulfur clusters,
presumably involved in shuttling electrons from protein partners, are
present near the active site H-cluster where protons are reduced to
form H,. (PDB ID: 3C8Y)

that has no additional attachment to the protein. The
identities of the diatomic ligands of the 2Fe subcluster were
determined via FTIR spectroscopic studies [15]. The pre-
cise nature of the bridging dithiolate, specifically the
identity of the bridgehead group, has eluded direct deter-
mination, although multiple studies have now provided
strong support for dithiomethylamine [6, 8, 9]. The unu-
sual structure of this 2Fe subcluster has inspired numerous
elegant synthetic approaches to modeling both the structure
and the reactivity of the H-cluster [16].

The remaining iron—sulfur clusters seen in the Cpl and
Dd structures are bound to domains that are distinct from
the active site domain, and likely serve as conduits for
electron transfer from in vivo protein partners to the active
site during hydrogen production. The quantity of these
accessory iron—sulfur clusters vary widely. The [FeFe]-
hydrogenase from Chlamydomonas reinhardtii (Cr) lacks
any accessory clusters, while Cpl contains four additional
clusters. The relative structural simplicity of the Cr enzyme
has been exploited for investigating maturation of the
H-cluster, as will be detailed later in this review.

The mechanism for reversible proton reduction by the
[FeFe]-hydrogenase is under active investigation, and a
recent proposal put forth by Lubitz et al. [17], and supported
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by Mulder et al. [18], is discussed here. In this mechanism,
the oxidized (H,x) state containing a [4Fe—4S]2+ cluster
bridged to the Fe'Fe'" subcluster is reduced to the H,.q state
([4Fe—4S])*"—Fe'Fe') concomitant with protonation of the
bridgehead nitrogen to the dialkylammonium state (Fig. 2).
Further reduction of this H,.q state to the super-reduced state
(Hgred, [4Fe—4S]T-Fe'Fe') is accompanied by migration of a
proton from the bridgehead group to a site adjacent to the 2Fe
subcluster distal iron (Fey). In the next step of the proposed
mechanism, this proton undergoes oxidative addition at the
Fe4 of the 2Fe subcluster to form a [4Fe—4S]**—Fe'Fe“H~
species with concomitant protonation of the bridgehead
nitrogen. Donation of the bridgehead proton to the hydride
produces a bound dihydrogen species which can then dis-
sociate to regenerate the initial Hy state. As depicted in
Fig. 2, changes in coordination of the bridging CO during the
catalytic cycle are also proposed.

The key requirements of catalysis for the [FeFe]-
hydrogenase therefore appear to be (1) a 2Fe subcluster that
can achieve the low oxidation states required for efficient
reversible H, oxidation; (2) an electronically coupled [4Fe—
48] cluster that can accommodate a reducing equivalent in
Hj,eq such that oxidative addition of a proton to the distal iron
can occur; and (3) an appropriately positioned base (the
bridgehead amine) that can serve as a conduit for protons to
the distal Fe of the H-cluster. It is clear that the unusual 2Fe
subcluster of the H-cluster is exquisitely structurally tuned
for catalysis, and that its nonprotein ligands play central
roles in defining the reactivity at this active site [11].

Early clues to the maturation process

In 2004, Posewitz and coworkers [14] first identified genes
for three accessory hydrogenase proteins, HydE, HydF, and
HydG, required for maturation of an active [FeFe]-hydrog-
enase in Cr. The authors analyzed available genomes and
found organisms containing an [FeFe]-hydrogenase also had
the hydE, hydF, and hydG genes. The work also provided the
first example of heterologous expression of an active [FeFe]-
hydrogenase, by co-expression of Cr hydEF, hydG, and
hydA (encoding the hydrogenase) genes in Escherichia coli
[14]. A subsequent study utilized co-expression of the hydE,
hydF, and hydG genes from Clostridium acetobutylicum
(Ca) with hydA genes from several organisms, resulting in
production of an active hydrogenase [19]. Site-directed
mutagenesis revealed that the radical SAM cysteine motifs
of both HydE and HydG, and the GTPase domain and
putative cluster-binding motif of HydF, were all essential to
maturation, thereby providing important guiding principles
to future maturation studies [19].

The first in vitro activation of [FeFe]-hydrogenase was
accomplished by mixing an E. coli cell extract in which Ca
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Fig. 2 Proposed mechanism for reversible proton reduction catalyzed by the [FeFe]-hydrogenase. Key chemical changes relative to the H,, state

are highlighted in orange

HydE, HydF, and HydG were co-expressed with an E. coli
cell extract in which HydA was expressed [20]. Extract of
the maturase strain that was heat treated or filtered to
remove protein was incapable of activating HydA, sug-
gesting that the activation process involved direct interac-
tion between one or more of the maturation proteins and
HydA. Further, the activation of HydA by the maturase cell
extract did not require the addition of potential cluster
precursors, suggesting that a preformed component syn-
thesized by the maturation machinery was transferred from
one of the maturases to HydA to effect activation [20].
Boyer et al. [21] reported a cell-free system for the
synthesis and maturation of [FeFe]-hydrogenase. Their
system utilized the Hyd maturases from Shewanella
oneidensis (So) expressed in E. coli, and they were able to
produce and activate hydrogenases from a variety of
sources using these E. coli extracts, with activation
enhanced by addition of iron and sulfide [21]. Further
studies of this in vitro maturation system demonstrated that
the addition of iron, sulfide, SAM, tyrosine, and cysteine to
maturation reactions containing purified HydA and dia-
lyzed E. coli extract containing the maturation proteins
provided a fivefold enhancement in hydrogenase activity
relative to the unsupplemented maturation reaction [22].
The added iron and sulfide likely reconstituted iron—sulfur
clusters in the component proteins, while the added SAM
would be expected to be essential for the function of the

radical SAM proteins HydE and HydG. It was speculated
that the enhancement provided by tyrosine and cysteine
pointed to their roles as substrates for H-cluster biosyn-
thesis [22].

The cumulative evidence from these early studies
therefore supported the idea that all three maturation pro-
teins, HydE, HydF, and HydG, were required for biosyn-
thesis of the H-cluster. They also supported a role for
radical SAM chemistry in the process, and for the potential
involvement of tyrosine and cysteine as substrates.

The nature of inactive HydA

Important clues to the roles of the maturase enzymes came
from characterization of HydA expressed in the absence of
maturases (HydA“F"®). Hyd A*F"C was inactive presumably
due to the lack of a functional H-cluster; however, it was
unclear whether HydAAEF G was completely devoid of met-
als in its H-cluster binding pocket, or whether it contained a
partial or full [4Fe—4S] cluster but no 2Fe subcluster, or a
6Fe cluster lacking the appropriate nonprotein ligands. The
answer was revealed through detailed characterization of
HydAAEFG using spectroscopic and structural studies. Puri-
fied Cr HydA expressed in E. coli without the maturation
enzymes showed UV-visible, EPR, EXAFS, and Mossbauer
spectroscopic properties characteristic of a [4Fe—4S] cluster
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Fig. 3 Structural changes in HydA upon 2Fe subcluster insertion.
The X-ray crystal structure of Cr HydA expressed in the absence of
the maturase enzymes (left, PDB ID: 3LX4) reveals an active site
containing a preformed [4Fe—4S] cluster. The fully mature Cpl
enzyme (right, PDB ID: 3C8Y) contains the full 6Fe H-cluster, with
the 2Fe subcluster synthesized and inserted via the action of the

[23]. HydAAEFG containing this [4Fe—4S] cluster was acti-
vated upon addition of an E. coli extract containing the three
maturation proteins HydE, HydF, and HydG. However, if
the [4Fe—4S] cluster was removed, no activation occurred
under the same experimental conditions [23]. These studies
provided important insights into the maturation process,
demonstrating that maturation required a preformed [4Fe—
485] cluster in the active site of HydA, and therefore impli-
cating the maturases in synthesizing only the 2Fe subcluster.

Structural characterization of the inactive Cr HydA*FF¢
revealed the presence of a [4Fe—4S] cluster in the H-cluster
binding pocket, with an open cavity where the 2Fe sub-
cluster normally resides (Fig. 3) [24]. It was inferred that
H-cluster assembly and hydrogenase activation occur in a
stepwise fashion, with the [4Fe—4S] cluster synthesized by
the general iron—sulfur cluster assembly machinery and the
2Fe subcluster synthesized and inserted by the Hyd-specific
maturases [24]. A channel lined with positive charge leads
into the H-cluster binding pocket, and comparison of the
inactive HydA*FF structure to the Cpl structure indicates
this channel closes upon maturation due to the conforma-
tional changes in two conserved loops (Fig. 3). Further
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maturation enzymes HydE, HydF, and HydG. The accessory FeS
cluster domains in the Cpl enzyme are omitted for clarity. Two 5-
strands in both structures are colored purple to emphasize structural
similarities; the loop region that moves during 2Fe subcluster
insertion is highlighted in blue. (Color scheme: C gray; N blue; O
red; S yellow; Fe rust; undefined magenta) Adapted from [24]

evidence for stepwise H-cluster assembly was provided by
nuclear resonance vibrational and EPR spectroscopic
studies of HydA“*"S matured with *’Fe-enriched maturase
extract; the results clearly indicate >’Fe present only in the
2Fe subcluster of the H-cluster [25].

These studies on the inactive and mature forms of HydA
provided a critical framework for understanding the roles
of the maturation enzymes: clearly demonstrating HydE,
HydG, and HydF’s requirement for the synthesis of the 2Fe
subcluster of the H-cluster, complete with unusual non-
protein ligands, and its delivery to HydA that already
contains the [4Fe—4S] portion of the H-cluster.

HydF is likely a scaffold/carrier for the 2Fe subcluster
Iron—sulfur clusters on HydF

HydF binds iron—sulfur clusters, although the precise nat-
ure of the clusters has been a matter of some debate [26—

30]. Thermotoga maritima (Tm) HydF expressed in
E. coli appears to bind an unusual [4Fe—4S] cluster
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coordinated by three cysteines and a fourth, exchangeable
ligand [26]. Ca HydF expressed alone in E. coli exhibits
UV-visible and EPR spectroscopic properties that have
been interpreted as arising from a mixture of [4Fe—4S] and
[2Fe-2S] clusters [27, 28]; however, others have ques-
tioned the assignment of the [2Fe-2S] EPR signal, sug-
gesting that it may instead arise from a [3Fe—4S]" cluster
or an organic radical [29, 30].

Interestingly, our studies of Ca HydF"® (purified from
E. coli that co-expressed HydE and HydG) exhibit only the
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Fig. 4 HydF expressed heterologously (top, Shepard et al.) or
homologously (bottom, Czech et al., A is dithionite-reduced, while
B is in the absence of dithionite) in the presence of HydE and HydG
contains Fe-CN and Fe-CO species, as evidenced by FTIR
spectroscopy. Reprinted with permission from [28] (top) and [31]
(bottom)

[4Fe—4S]" signal in the reduced state [28]. Further, FTIR
spectroscopy of Ca HydF"“ expressed either heterolo-
gously in E. coli [28] or homologously in Ca [31] provided
clear evidence for the presence of metal-coordinated CO
and CN™~ (Fig. 4). No such diatomics were observed in
FTIR spectra of HydF“EC [28]. At the time, we proposed
that a [2Fe—2S] cluster on HydF underwent modification by
the radical SAM chemistry of HydE and HydG to generate
an H-cluster precursor containing CO and CN™ [28]. Given
the debate regarding whether a [2Fe-2S] cluster is present
in HdeAEG, other possibilities need to be considered. One
intriguing alternative, that the radical SAM enzyme HydG
provides both the iron and the diatomics to assemble a 2Fe
precursor on HydF, can be inferred from recent studies that
will be discussed further in the section on HydG.

Further evidence that HydF serves as a scaffold/carrier
for an H-cluster precursor was provided by EXAFS studies
of HydF®®, which suggested that the 2Fe subcluster was
linked to the [4Fe—4S] cluster on HydF in a manner rem-
iniscent of the H-cluster on HydA [32]. Interestingly,
synthetic 2Fe subclusters can also be loaded onto HydF and
delivered to HydA to produce an active enzyme; in the case
of these synthetic clusters, it appears that one of the cya-
nide ligands may bridge the 2Fe subcluster to the [4Fe—4S]
cluster on HydF [8].

GTP binding and hydrolysis

HydF is a cation-activated GTPase, but the specific role that
GTP binding and hydrolysis play in the maturation process is
unresolved [28]. Activation of HydA*®"S by HydFC has
been shown to be unaffected by the presence of GTP, sug-
gesting that GTP binding/hydrolysis plays a role in the ear-
lier steps in maturation, perhaps in the interaction between
HydF and the other two maturases. Consistent with this
hypothesis, the presence of HydE or HydG increases the rate
of HydF-catalyzed GTP hydrolysis by ~50 % [28]. Further,
addition of GTP increases dissociation rates of the radical
SAM maturases in both HydE-HydF and HydG-HydF
complexes [33]. Delineating the precise role for GTP binding
and hydrolysis, however, awaits further studies.

Insights from the structure of HydF

An X-ray crystal structure of the apo-form of Thermotoga
neapolitana (Tn) HydF has provided a structural frame-
work for evaluating its function and mechanism (Fig. 5)
[34]. The structure reveals a multimeric protein with each
subunit having an N-terminal GTPase domain, a central
dimerization domain, and a C-terminal iron—sulfur cluster-
binding domain. A tetrameric structure is evident, com-
posed of dimeric units in which two subunits have more
extensive contacts. Although the structure is devoid of
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Fig. 5 The maturase HydF has GTPase and FeS domains. Maturase
HydF from Thermotoga neapolitana is depicted (left) in dimer form
with residues in the GTPase and FeS binding domains highlighted.
One subunit is illustrated in blue, while the other subunit is shown in
gray. The GTPase Domain: housed in this domain, the residues
associated with GTP binding and hydrolysis are highlighted in cyan
for distal GTP specificity (NKxD), blue for the G-5 loop domain,

iron—sulfur clusters, it reveals a spatial grouping of the
conserved putative iron—sulfur cluster-binding ligands
(CxHx46_53HCGGC) previously identified by Posewitz
et al. [14], and shown to be functionally important by King
et al. [19]. Site-directed mutagenesis of HydF from two
different sources (Ca and Tn), combined with EPR and
HYSCORE characterization, suggested that the three cys-
teines in the metal-binding motif are important for iron—
sulfur cluster coordination, while the roles of the two his-
tidines are more ambiguous, with H352 coordinating only
in the Ca protein [30]. Additional site-directed mutagenesis
studies of the Ca protein, coupled with EPR spectroscopic
characterization, implicated all three cysteines together
with H306 in cluster binding [35]. Significantly decreased
iron content was observed upon any substitution at C304
and C356, while at C353 and H306, only substitutions that
completely removed the possibility of metal coordination
(i.e., substitutions to A) resulted in low iron content. All
variants at the C positions were inactive in in vitro HydA
activation assays. The variants at H306 displayed dramat-
ically decreased but detectable activity, particularly H306Q
(13 % of wild type). All variants that had iron content
sufficient for EPR characterization showed EPR spectra
similar to that observed for wild-type HydF.

Function of HydF

While it is clear that HydF binds iron—sulfur clusters, the
precise nature of these clusters, how they are bound, and
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even their role in maturation are still unclear. The cluster-
binding motif has only three cysteines and two histidines;
while this is a sufficient number of ligands to coordinate a
single [4Fe—4S] cluster, coordination of both a [4Fe—4S]
and a [2Fe-2S] cluster would require additional amino acid
residues, or coordination of the clusters across subunit
interfaces where residues from two different subunits are
utilized. A bound [2Fe-2S] cluster could be modified by
HydE and HydG to synthesize a CO, CN~ and dithiol-
ate ligated 2Fe subcluster. Alternatively, a bound [2Fe-2S]
cluster could be displaced by Fe—~CO-CN units delivered
by HydG, or a vacant cavity might receive Fe—CO-CN
units. Regardless of these alternative pathways, consider-
able evidence from multiple labs points to the assembly of
a 6Fe precursor that closely resembles the H-cluster on
HydF. Although some recent work suggests that HydF’s
role may be optional in hydrogenase maturation [29], this
interpretation is contrary to the early in vivo studies of
King et al. and Posewitz et al. [13, 14, 19], as well as more
recent in vitro studies which all point to an indispensable
role for HydF [20, 27, 31].

HydG: radical-mediated CO and CN™ synthesis
Reaction catalyzed by HydG

The first clue to the substrate for HydG was reported in
2009, when Pilet et al. [36] showed that HydG catalyzed
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the Ca~CP bond cleavage of tyrosine to produce p-cresol
in a SAM-dependent reaction. Subsequently, we showed
that the remaining products of HydG-catalyzed tyrosine
cleavage are CN~ and CO (Fig. 6) [37, 38]. CN~ was
detected by acid denaturation of the protein followed by
derivatization [37], while CO was detected during the assay
by including deoxyhemoglobin and monitoring its con-
version to carboxyhemoglobin [38]. In both sets of exper-
iments, uniformly '*C-labeled tyrosine was used to
demonstrate that these diatomics were derived from tyro-
sine. A subsequent report by Kuchenreuther et al. [39]
utilized labeled tyrosine in a cell-free system to show that
all of the diatomic ligands on activated [FeFe]-hydrogenase
are derived from tyrosine. Together, these studies reveal
that HydG utilizes tyrosine as a substrate in the synthesis of
CO and CN7, and these diatomics are ultimately delivered
to the hydrogenase to assemble the H-cluster. The multiple
lines of evidence for the presence of a CO and CN™ ligated
2Fe species on HydF after its co-expression with HydE and
HydG provides strong evidence the diatomics produced by
HydG are first transferred to HydF, either as free ligands or
as Fe-bound species prior to HydA maturation [28, 31, 32].

The iron—sulfur clusters of HydG and their roles
in catalysis

HydG binds two [4Fe—4S] clusters, a radical SAM cluster
at a CX5CX,C motif in the N-terminal domain of the

4 CX,CX,C HydG

CH, CX,CX,C

S.
») H, dAdo
__‘\\\\ N
\O

.

N-Terminus C-Terminus
OH OH
® CH CH
HN. 2 2 8

Fig. 6 HydG iron-sulfur clusters (fop) and reaction catalyzed
(bottom). HydG binds two distinct iron—sulfur clusters: the radical
SAM [4Fe—4S] cluster in the N-terminal domain (fop left) and a
second site-differentiated cluster in the C-terminal domain (top right).
The radical SAM cluster is necessary and sufficient for reductive
cleavage of SAM and tyrosine Co—Cf} bond cleavage to produce p-
cresol, while the C-terminal cluster is essential for CO production
[40]

protein, and an additional cluster at a CX,CX,,C motif in
the C-terminal domain (Fig. 6); [38, 40] both clusters are
essential for hydrogenase maturation [19]. The clusters are
both site-differentiated, as indicated by the presence of
only three cysteines in the cluster-binding motifs. Radical
SAM clusters utilize the unique iron site to bind SAM via
the amino and carboxylate groups in a classical 5-member
chelate ring [41-43]. The mechanistic significance, if any,
of site differentiation at the C-terminal cluster in HydG is
unresolved. Each cluster has distinct EPR spectroscopic
properties, and only the N-terminal cluster interacts
directly with SAM [38, 40]. By utilizing a series of HydG
proteins in which either cluster-binding residues were
changed to serine or alanine, or in which entire cluster-
binding domains were deleted, the roles for the two indi-
vidual clusters in HydG have been delineated [40, 44]. The
N-terminal cluster is absolutely required for the reductive
cleavage of SAM and the cleavage of tyrosine to produce
p-cresol [40], and both of these activities occur indepen-
dently of the presence or absence of the C-terminal cluster.
However, production of the diatomic products by HydG
absolutely requires the presence of the C-terminal domain
[40]. Substitution of one of the cluster-binding cysteines in
the C-terminal motif completely abolishes CO formation,
although low levels of CN™ are still detected with this
variant [40]. Importantly, in variants where diatomic ligand
production is turned off, increased levels of glyoxylate are
detected; glyoxylate is the hydrolysis product of dehydro-
glycine, the latter which is the precursor to the diatomics
[40].

The mechanism of HydG therefore involves reductive
cleavage of SAM at the N-terminal cluster, with the
resulting 5’-deoxyadenosyl radical (dAdo-) abstracting a
hydrogen atom from tyrosine, and this tyrosyl radical
undergoing Co—C[} bond cleavage. Recent evidence indi-
cates that this bond cleavage is heterolytic, as rapid freeze-
quench EPR spectroscopy has provided evidence for an
intermediate p-cresol radical [45]. HYSCORE and EN-
DOR data during turnover in the presence of uniformly '*C
and '"N-labeled tyrosine provide evidence for interaction
of either tyrosine or a tyrosine-derived fragment with the
C-terminal cluster [45]. Homology models of HydG predict
that the two iron—sulfur clusters are more than 20 A apart
[44]; given the requirement for direct H-atom abstraction
from tyrosine by dAdo- generated at the N-terminal cluster,
it seems unlikely that tyrosine coordination to the C-ter-
minal cluster would be catalytically relevant. Thus, we
suspect that a tyrosine-derived fragment, likely dehydro-
glycine or a similar species, gives rise to the observed
coupling [45].

Stopped flow FTIR studies have recently revealed the
formation of [Fe(CO)CN™] and subsequently [Fe(CO),.
CN™] species on HydG (Fig. 7) [46]. These intriguing
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Fig. 7 FTIR spectra of the two iron—cyano-carbonyl species gener-
ated on So HydG during catalytic turnover of tyrosine. Reprinted with
permission from [45]

species were proposed to form at the unique iron of the
C-terminal cluster of HydG, followed by transfer to HydA
either directly or via HydF as intermediary [46]. The
implication is that the diatomics produced by HydG are
transferred as metal-bound species rather than free diato-
mics, and thus that HydG provides both the diatomic
ligands and the iron in the formation of the 2Fe subcluster
of the H-cluster [46]. Evidence for the transfer of iron from
HydG to the 2Fe subcluster of HydA was provided by *'Fe
ENDOR spectroscopy [46]. Formation of iron—cyano-car-
bonyl species on HydG would be expected to diminish CO
detection via deoxyhemoglobin binding, and therefore
could explain why CO has been observed at <1:1 stoichi-
ometry with CN™ [38]. However, CO formation by purified
Ca HydG occurs with burst phase kinetics at an initial rate
comparable to p-cresol and CN~ formation [38], which
seems inconsistent with a mechanism producing iron-
bound CO and CN™ products via decomposition of dehy-
droglycine on the C-terminal cluster. For So HydG, time-
resolved FTIR-monitored production of carboxymyoglobin
(MbCO) revealed CO production only at longer times,
which would be more consistent with formation of iron-
carbonyl-cyano species [46]. Although significant advances
have been made in recent years in understanding the
remarkable reaction catalyzed by HydG, future work will
further probe mechanistic details, and will likely illuminate
a unified mechanism for HydG catalysis.
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HydE: the enigmatic maturase

As with HydG, HydE was shown early on to bind iron—
sulfur clusters and to catalyze the reductive cleavage of
SAM, consistent with its assignment as a radical SAM
enzyme [47]. Given the demonstration that HydG synthe-
sizes CO and CN™ from tyrosine [37, 38], it is presumed
that HydE synthesizes the bridging dithiomethylamine of
the H-cluster. Identification of a substrate for HydE,
however, has not yet been reported. Clues to the substrate
for HydE may lie in early work on the cell-free system,
which showed that the presence of cysteine, tyrosine, and
SAM enhanced hydrogenase activation [22]. Given tyro-
sine is now known to be the substrate of HydG, and SAM is
required for radical SAM activity, cysteine seems a likely
possibility as the substrate for HydE, although this has not
been demonstrated. Further clues emerge from the high-
resolution crystal structures of 7m HydE in the presence of
S-adenosyl-L-homocysteine [48], SAM, and 5'-deoxya-
denosine and methionine [49]. HydE exhibits a TIM barrel
fold, with the radical SAM [4Fe—4S] cluster at the top of
the barrel and coordinated at the unique iron by SAM (or
SAH or Met) via the amino and carboxylate moieties
(Fig. 8) [48]. An auxiliary cluster is also bound in solved
HydE structures in varying iron—sulfur cluster composition;
however, its position outside the TIM barrel together with
the fact that its cluster-binding ligands are not conserved
throughout all HydE sequences suggest that this second
cluster is unlikely to have a critical role in catalysis [48,
50]. In silico docking studies with >20,000 small mole-
cules revealed that the best hits were molecules with net
neutral to negative charge, a carboxylate, and a partial
positive charge at one end [48]. Further, crystal soaking
experiments revealed that thiocyanate bound readily at a
site previously occupied by chloride at the bottom of the
barrel [48]. Altogether, the crystallographic characteriza-
tion of HydE has provided an important framework for
evaluating potential substrates.

Putting it together: hypothetical pathways
for maturation of [FeFe]-hydrogenase

The pathway by which Nature synthesizes the organometallic
H-cluster at the active site of the [FeFe]-hydrogenase is being
revealed through a variety of approaches that include investi-
gation of maturation using purified enzymes or cell-free sys-
tems, defining the biochemical properties and reactions
catalyzed by individual purified maturation enzymes, and uti-
lizing spectroscopic and structural approaches to gain insight
into the biosynthetic process. While the picture of [FeFe]-
hydrogenase maturation is by no means complete, we present in
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Fig. 8 The maturase HydE from Thermotoga maritima viewed from
the side (a) and top (b) of the TIM barrel. The TIM barrel a-helices
and f-strands are highlighted in pale green and blue—green,

respectively. Note the location of the [2Fe-2S] cluster ~ 20 A from

Fig. 9 Two possible pathways
for [FeFe]-hydrogenase
maturation. In both pathways,
the maturation process involves
synthesis and assembly of the
2Fe subcluster of the H-cluster,
followed by insertion of this 2Fe
subcluster to generate the active
hydrogenase. In pathway (a), a
[2Fe-2S] cluster on HydF is
modified by HydE as the latter
synthesizes the
dithiomethylamine bridging
ligand. HydG then utilizes
tyrosine to synthesize CO and
CN™, which are delivered to
HydF and coordinate the
modified 2Fe cluster, prior to
transfer of the 2Fe subcluster to
HydA. In pathway (b), HydG
synthesizes cyano-carbonyl—
iron species upon degradation of
tyrosine, and transfers these
iron-bound diatomics to HydF,
where a 2Fe subcluster
precursor is assembled. HydE
then synthesizes and delivers
the dithiomethylamine ligand
prior to 2Fe subcluster transfer
to HydA. Asterisks indicate
unknown ligands

tyrosine

substrate

<«

product

p-cresol
%\

substrate

the radical SAM cluster and outside the TIM barrel. Figure panel b is
rotated 90° about the x-axis relative to panel a. Fig. 8a. (Color
scheme: SAM blue; Fe rust; S yellow—orange.) (PDB ID: 311Z)

tyrosine

p-cresol
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Fig. 9 two reasonable pathways based on the available exper-
imental data.

Multiple lines of evidence support the idea that all the
maturation proteins (HydE, HydF, and HydG) are required for
the synthesis of the 2Fe subcluster of the H-cluster, with the
[4Fe—4S] subcluster presumably being synthesized by the ISC
and/or Suf iron—sulfur cluster assembly machinery [51]. In
Fig. 9, we show two putative pathways by which the 2Fe
subcluster is synthesized on HydF by radical SAM-mediated
synthesis and delivery of the unique nonprotein ligands. In
Fig. 9a, HydE modifies a [2Fe-2S] cluster on HydF by syn-
thesis and insertion of the dithiomethylamine bridging ligand.
Then, HydG catalyzes the formation of CO and CN ™, which are
delivered to the 2Fe subcluster. Direct interactions between the
radical SAM maturases and HydF have been reported [27, 33],
and may be important for efficient delivery of the products of
HydE and HydG. The result is an H-cluster-like species on
HydF, as has been supported by FTIR and EXAFS studies [28,
31, 32]. The assembled 2Fe subcluster is then transferred to
HydA.

In Fig. 9b, we show an alternate pathway in which iron-
bound cyanide and carbon monoxide are first synthesized on
HydG, and then are delivered to HydF as cyano-carbonyl-Fe
units, where dithiomethylamine addition stitches the two
mononuclear Fe species together. The synthesis of iron-bound
diatomics on HydG is consistent with the recent FTIR spec-
troscopic studies [46]. A common thread amongst the majority
of published work is that all three maturation proteins are
essential, with HydE and HydG carrying out the ligand syn-
thesis reactions and HydF serving as a scaffold or carrier.

Concluding remarks

The biosynthesis of the H-cluster of the [FeFe]-hydroge-
nase provides a fascinating example of how Nature syn-
thesizes a complex organometallic cofactor in an aqueous
environment from common metabolic precursors utilizing
a small number of steps. Tyrosine is the substrate for
HydG, and provides the CO and CN~ ligands for the
H-cluster via a complex radical-mediated reaction that
remains the subject of active investigation. A key missing
component in our understanding of [FeFe]-hydrogenase
maturation is the identity of the precursor for the dithi-
omethylamine ligand of the H-cluster, and its mechanism
of synthesis by HydE. A number of studies point to HydF
serving as a scaffold or carrier of the 2Fe precursor to the
H-cluster, although how the 2Fe precursor is assembled on
HydF and delivered to HydA, and the role of GTP binding/
hydrolysis in this process, remain a mystery.
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