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The organometallic H cluster at the active site of [FeFe]-hydroge-
nase consists of a 2Fe subcluster coordinated by cyanide, carbon
monoxide, and a nonprotein dithiolate bridged to a [4Fe-4S] cluster
via a cysteinate ligand. Biosynthesis of this cluster requires three
accessory proteins, two of which (HydE and HydG) are radical
S-adenosylmethionine enzymes. The third, HydF, is a GTPase. We
present here spectroscopic and kinetic studies of HydF that afford
fundamental new insights into the mechanism of H-cluster assem-
bly. Electron paramagnetic spectroscopy reveals that HydF binds
both [4Fe-4S] and [2Fe-2S] clusters; however, when HydF is
expressed in the presence of HydE and HydG (HydFE6), only the
[4Fe-4S] cluster is observed by EPR. Insight into the fate of the
[2Fe-2S] cluster harbored by HydF is provided by FTIR, which shows
the presence of carbon monoxide and cyanide ligands in HydFFG.
The thorough kinetic characterization of the GTPase activity of
HydF shows that activity can be gated by monovalent cations
and further suggests that GTPase activity is associated with
synthesis of the 2Fe subcluster precursor on HydF, rather than with
transfer of the assembled precursor to hydrogenase. Interestingly,
we show that whereas the GTPase activity is independent of the
presence of the FeS clusters on HydF, GTP perturbs the EPR spectra
of the clusters, suggesting communication between the GTP- and
cluster-binding sites. Together, the results indicate that the 2Fe
subcluster of the H cluster is synthesized on HydF from a [2Fe-2S]
cluster framework in a process requiring HydE, HydG, and GTP.

he reversible reduction of protons, a reaction central to

bioenergy and fuel cell applications, is a conceptually simple
but chemically challenging reaction. In biology, these reactions oc-
cur at unique organometallic metal centers that contain biochemi-
cally unusual nonprotein ligands such as carbon monoxide and
cyanide. In the case of the [FeFe]-hydrogenase, the site of catalysis
is a metal cluster, termed the H cluster, consisting of a [4Fe-4S]
cubane bridged by a cysteine thiolate to a 2Fe unit coordinated by
carbon monoxide, cyanide, and a bridging dithiolate ligand (Fig. 1)
(1-6). The [FeFe]-hydrogenase is of particular interest for bioe-
nergy applications because of its high catalytic rates of proton
reduction; however, a limiting factor in its practical utilization
is the lack of understanding of the biosynthesis of the organome-
tallic active site cluster. Assembly of a catalytically competent H
cluster requires the actions of three hydrogenase-specific acces-
sory proteins, two of which (HydE and HydG) are radical S-ade-
nosylmethionine (SAM) enzymes and the third of which (HydF) is
a GTPase (7, 8). These accessory proteins are directed at synthesis
of the 2Fe subcluster of the H cluster, which is subsequently trans-
ferred to the hydrogenase structural protein (HydA) containing a
preformed [4Fe-4S] cluster (9, 10) to produce the active hydroge-
nase. The detailed stepwise mechanism of H-cluster assembly, as
well as the specific roles of and interactions between the three
accessory proteins in this assembly process, remains largely
unknown. Herein we provide evidence that the 2Fe subcluster
of the H cluster is synthesized on HydF from a [2Fe-2S] precursor
by the activities of HydE and HydG and that GTP hydrolysis likely
plays a role in the assembly of this precursor on HydF.
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Fig. 1. Ribbon representation of Clostridium pasteurianum (Cpl) [FeFe]
hydrogenase (Protein Data Bank ID code: 3C8Y) with the FeS clusters and
H cluster shown as space filling models, and zoom of the H cluster as ball
and stick representation. The Cpl domains are represented with different
colors (C terminus: red, catalytic domain: blue, ferredoxin-like domains:
green, purple, and magenta), and the FeS clusters and H cluster are colored
to the following scheme: rust (Fe), orange (S), black (C), red (O), blue (N), and
magenta (unknown).

Radical SAM enzymes are characterized by the presence of
a site-differentiated iron-sulfur cluster that coordinates and
reductively cleaves SAM to generate a 5’-deoxyadenosyl radical
intermediate; the radical intermediate then abstracts a hydrogen
atom from substrate to initiate a wide range of difficult chemical
transformations whose details depend on the specific enzyme and
substrate involved (11). Earlier biochemical studies of HydE and
HydG from Thermotoga maritima demonstrated that both exhib-
ited characteristic features of radical SAM enzymes, including the
ability to bind iron-sulfur clusters and to catalyze the reductive
cleavage of SAM (12). An X-ray crystal structure of HydE
revealed the presence of a site-differentiated [4Fe-4S] cluster co-
ordinated by SAM, as well as an additional [2Fe-2S] cluster (13).
Given the sequence and biochemical data identifying HydE and
HydG as radical SAM enzymes, our original hypothetical model
for H-cluster assembly involved HydE- and HydG-catalyzed
radical SAM chemistry on unknown substrates to synthesize
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the CO, CN~, and bridging dithiolate ligands to the 2Fe subclus-
ter of the H cluster; this 2Fe subcluster was proposed to be as-
sembled on HydF and ultimately transferred to the hydrogenase
structural protein (14). Consistent with this model, HydG has
recently been shown to catalyze the degradation of tyrosine to
produce cresol (15); this reaction is analogous to that of the ra-
dical SAM enzyme ThiH, which cleaves tyrosine to cresol and
dehydroglycine in the thiamine biosynthetic pathway (16, 17).
Rather than dehydroglycine, however, HydG produces cyanide
as a second product of tyrosine cleavage (18). Although the sub-
strate for HydE is unknown, we postulate that it is a common
metabolite or amino acid; furthermore, the substrate must be pre-
sent in Escherichia coli as well as the native organism, because
heterologous expression of the accessory proteins in E. coli gives
HydF that can activate HydA (14, 19). Phylogenetic analysis
indicates a similarity to biotin synthase (BioB), suggesting that
HydE may catalyze a BioB-like sulfur insertion to generate
the bridging dithiolate ligand of the H cluster (18).

Studies of the [FeFe]-hydrogenase structural protein, HydA,
have provided further insights into the roles of the accessory
proteins in hydrogenase maturation. [FeFe]-hydrogenase hetero-
logously expressed in the absence of accessory proteins
(HydA2FFSG) can be activated in vitro by addition of E. coli
cellular extracts in which HydE, HydE and HydG are simulta-
neously coexpressed, and thus these three accessory proteins,
together with substrates present in E. coli, are sufficient for as-
sembly of the H cluster (19). Detailed spectroscopic and structur-
al studies of HydA“FFC have shown that it contains a [4Fe-4S]
cluster and is poised to accept a 2Fe subcluster prior to activation
by the accessory proteins (9, 10). We have also shown that HydF
purified from E. coli in which all three accessory proteins were
coexpressed (HydFFY) was competent in HydA2EFG activation,
indicating that HydF acts as a scaffold or carrier protein during
activation of HydA (20). The proposed scaffolding role for HydF
was further supported by biochemical characterization of the
enzyme from 7. maritima, which demonstrated its ability to bind
an iron-sulfur cluster and catalyze GTP hydrolysis (21). Together
these findings suggest that the final step in hydrogenase matura-
tion is the transfer of a 2Fe H cluster precursor from HydF to
HydA, where it is bridged to the [4Fe-4S] cubane to generate
the catalytically competent H cluster.

Whereas important advances have been made in understand-
ing H-cluster assembly, key questions remain regarding this
complex process. For example, the specific functions of and
interactions between the three maturation proteins have not been
clearly delineated. The nature of the 2Fe H-cluster precursor on
HydF, and whether it is built directly on HydF by HydE and
HydG or is instead assembled initially on one or both of the
radical SAM enzymes prior to being transferred to HydF, is also
not known. In addition, the role of GTP hydrolysis in H-cluster
assembly is not understood. In order to clarify the role of HydF in
hydrogenase maturation, we have used EPR and FTIR spectro-
scopic approaches to examine changes in cluster composition
associated with the presence or absence of HydE and HydG dur-
ing expression of HydF, and we have carried out a detailed study
of GTP hydrolysis and its role in H-cluster assembly. Our results
provide direct spectroscopic evidence for the expected CO and
CN- ligands of the 2Fe precursor bound to HydF and support
a model in which the 2Fe subcluster of the H cluster is assembled
directly on HydF via modification of a [2Fe-2S] cluster. Further-
more, we provide evidence that GTP hydrolysis plays a role in
assembly of the 2Fe subcluster on HydF rather than in subcluster
transfer from HydF to HydA.

Results

Spectroscopic Evidence for the Assembly of an H-cluster Precursor on
HydF. HydF purified from E. coli contains iron-sulfur clusters,
although the typical iron contents (approximately 1 per protein)
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are indicative of substoichiometric loading given the evidence
presented here for both [4Fe-4S] and [2Fe-2S] clusters in HydF
(20). For the specific protein preparations used in the current
study, the iron numbers were 0.98 (+0.18) Fe/protein for
HydF2EC and 0.85 (£0.1) Fe/protein for HydFEC; both proteins
as-isolated exhibited weak EPR signals characteristic of
[3Fe-4S]" clusters (Fig. S1). Despite these low iron numbers,
we pursued spectroscopic studies directly on these purified pro-
teins without utilizing in vitro cluster reconstitution, because our
goal was to probe the cluster states of HydF relevant to the in vivo
H-cluster assembly process. Reduced HydF2FS exhibits a low-
temperature EPR spectrum comprising a nearly axial signal char-
acteristic of [4Fe-4S]* clusters (g, = 1.89 and g = 2.05) overlap-
ping a second signal (g = 2.00,1.96) (Fig. 2). This second signal
has different relaxation properties than the [4Fe-4S|* signal
(Fig. S24) and is most characteristic of a [2Fe-2S|* cluster. In
the presence of GTP, the intensity of both signals increases by
a factor of 2 and the g value associated with the [2Fe-2S|* com-
ponent shifts from 2.00 to 2.01 (Fig. 2). The EPR spectral fea-
tures of reduced HydFFC (Fig. 2 and Fig. S2B, g, = 1.89 and
g = 2.05) are similar to those described for HydF~ES, with
one key difference: The signal attributed to the [2Fe-2S]" is es-
sentially absent (>99% reduction in intensity). Similar to the ob-
servation for HydFAEG, the EPR signal observed for reduced
HydFES increases approximately 2-fold upon addition of GTP.

Three observations are of particular interest in these EPR
studies. First, the EPR spectral features reported here are distinct
from those reported previously for 7mHydF, which showed no
effects upon GTP addition (21). Second, there is a loss of an
EPR-active [2Fe-2S] cluster component when HydF is expressed
in a background of HydE and HydG, which is consistent with
HydE and HydG modifying a [2Fe-2S] cluster to an EPR-silent
H-cluster precursor. Third, the presence of GTP significantly
influences the EPR spectral properties, suggesting an interplay
between the GTP- and cluster-binding sites on HydF.

FTIR spectroscopy has been utilized to further examine the
changes in cluster content in HydF when it is expressed in a back-
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Fig. 2. Low-temperature (12 K) X-band EPR spectroscopic analysis
of HydF286 and HydFES. The dashed blue line is photoreduced HydFAES in
the presence of 5.3 mM MgCl, (500 pM protein in 500 mM KCl), and the solid
blue line is the photoreduced enzyme in the presence of MgCl, (5 mM) and
GTP (25 mM) (475 pM protein in 500 mM KCl). Reduced HydFAES spectra com-
prise a nearly axial signal characteristic of [4Fe-4S]* clusters with g, = 1.89
and g; = 2.05 overlapping a second signal with g = 2.00 and 1.96 (see text).
The dashed black line is photoreduced HydFES in the presence of 5.3 mM
MgCl;, (220 uM protein in 440 mM NacCl and 40 mM KClI), and the solid black
line is photoreduced HydFEC in the presence of MgCl, (5 mM) and GTP
(12.5 mM) (205 pM protein in 400 mM NaCl and 80 mM KCI). Reduced
HydFEG spectra comprise a nearly axial signal characteristic of [4Fe — 4S]*
clusters with g, = 1.89 and g, = 2.05.
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ground of HydE and HydG and to address whether these changes
are consistent with modification of the [2Fe-2S] cluster to a 2Fe
subcluster coordinated by CO and CN~. FTIR is the technique of
choice in this case because (i) it allows direct detection of the CO
and CN~ diatomic ligands expected to be present on an H-cluster
precursor and (i) it is not dependent on the H-cluster precursor
being in a paramagnetic oxidation state. The FTIR spectrum of
HydFEC (Fig. 3) shows sharp bands at 2,046, 2,027, 1,940, and
1,881 cm™!, as compared to the bands at 2,106.5, 2,087,
2,007.5, 1,983, and 1,847.5 cm™! in holo-HydA (4). For the
holo-[FeFe]-hydrogenase, the bands at 2,106.5 and 2,087 have
been assigned to the cyanide ligands to the H cluster, whereas
those at 2,007.5 and 1,983 cm~! have been assigned to terminal
carbon monoxide ligands and the mode at 1,847.5 cm™! to a brid-
ging CO ligand (4). Further, for the [FeFe]-hydrogenase and di-
iron H-cluster model compounds, it has been shown that the CN~
ligand modes typically occur in the 2,110-2,025 cm™! range,
whereas the CO ligand modes occur in the 2,015-1,850 cm™!
(terminal CO) and 1,850-1,770 cm™! (bridging CO) regions of
the spectrum (22-24). Given these assignments, we conclude that
the 2,046 and 2,027 cm™! bands in HydF result from cyanide li-
gands, whereas those at 1,940 and 1,881 cm™' arise from terminal
carbon monoxide ligands. Only two bands assigned to CO ligands
are obvious in our FTIR spectrum of HydFEC®, although the weak
residual intensity in the 1,800-1,830 cm™! region could be result-
ing from a bridging CO ligand. Alternatively, it is possible that the
symmetry of the cluster precursor on HydFEC gives rise to only
two observed vibrational bands for three CO ligands on the clus-
ter. The energies of the vibrational modes in HydFFC are not
identical to those in holo-HydA, which is not surprising given that
the CO and CN-~ vibrational modes are exquisitely sensitive not
only to the electron richness of the metal (because of the fact
that these ligands act as z-acids) but also to the polarity of the
surrounding environment (25). Given the fact that these ligands
are associated with a cluster precursor on HydF rather than the H
cluster on HydA, one would expect some differences in the vibra-
tional frequencies. In summary, our FTIR data provide clear
evidence for the presence of CO and CN™ ligands, suggesting that
the [2Fe-2S] cluster in HydF2ES is converted to a CO- and
CN~-ligated 2Fe subcluster. In contrast, the FTIR features char-
acteristic of CO and CN~ ligation have not been observed in
HydF2EG, The combination of EPR and FTIR spectroscopy thus
provide substantial evidence that the radical SAM enzymes HydE
and HydG serve to modify a [2Fe-2S] cluster bound to HydF into
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Fig.3. FTIR spectrum of a HydFE® sample (36 mg/mL) prepared under anae-
robic conditions in a Coy chamber. The major observed bands are indicated.
The bands at 1,940 and 1,881 cm~' are assigned to the »(C = O) stretching
vibrations of coordinated carbonyl groups whereas the bands at 2,046
and 2,027 cm~" are assigned to the o(C = N) vibrations of bound cyanide (4).
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the CO and CN~ ligated H-cluster precursor that is transferred to
HydA to effect hydrogenase maturation.

GTPase Activity of HydF. HydF was originally shown by Posewitz
and coworkers to contain a canonical nucleotide binding domain;
this and subsequent mutagenesis studies suggested a role for GTP
hydrolysis in H-cluster assembly (7, 8). Initial studies of HydF
from T. maritima (TmHydF) surprisingly revealed very slow rates
of GTP hydrolysis (21). In an effort to begin to delineate the role
of GTP hydrolysis in H-cluster assembly, we undertook a detailed
investigation of the GTPase activity of HydF from Clostridium
acetobutylicum (CaHydF) expressed in E. coli either in the
absence (HydF2E%) or presence (HydFE®) of the radical SAM
accessory proteins and asked the question whether nucleotide
hydrolysis plays a role in either synthesis of the H-cluster precur-
sor on HydF or its transfer to HydA. Our results reveal that
CaHydF is a specific GTPase (it is unable to hydrolyze ATP to
ADP; see SI Text) with rates of GTP hydrolysis comparable to
other characterized GTPases but much higher than previously
characterized for TmHydF (Table 1).

The GTPase activity was found to be significantly affected
by the nature of the monovalent cation in the reaction buffer
(Table 1). The ability to gate GTPase activity through the use
of different alkali metal salts appears to be directly linked to
the ionic radius of the monovalent cation (Na*, 102 pm; K™,
138 pm; Rb*, 152 pm; Cs*, 167 pm), possibly indicating that a
monovalent cation binding pocket exists near the active site. Ac-
tivity in the presence of NHJ, intermediate in size between K+
and Rb™, is slightly lower than that with K™, suggesting that direct
coordination of ligands to the monovalent ion is an important
determinant of activity. These results are comparable to those
reported for MnmE, an E. coli GTPase involved in the modifica-
tion of tRNAs, whose GTPase activity decreases in the following
order: KCl, RbCl, CsCl, NaCl (26). X-ray structural characteriza-
tion of MnmE revealed that K binds in close proximity to the
GTP-binding pocket, forming a planar triangle with Mg>* and
Lys229 (located within the P-loop) around the p-y bridging oxy-
gens of GTP. The authors proposed that the K+ ion, which is not
required for GTP binding, likely reduces the developing negative
charge in the transition state and may play a role in helping to
stabilize the position of the attacking water molecule; this is in
fact analogous to the role of the “arginine finger” of the activating
proteins required by some GTPases and thus may represent a
mechanism by which some GTPases can act independently of
an activating protein to achieve efficient GTP hydrolysis (26).
In order to examine whether the kinetic salt effects observed with
CaHydF were generally applicable to HydF from other sources,
TmHydFEC was expressed, purified, and assayed. Our prelimin-
ary analysis shows that the k., of 0.04 min~' (37°C, NaCl-con-
taining buffer) compares well to the reported value of 0.03 min™!
for TmHydF~EC (21), supporting the observation with CaHydF
that the genetic background does not alter the GTPase activity of
HydF (Table 1). Not surprisingly, the k. for TmHydFEC

Table 1. Salt effects on HydF GTPase activity

Genetic background Salt Temp keat (min=T)
HydFEG KCl 30°C 1.84 + 0.10
HydFAEG KCl 30°C 1.76 = 0.10
HydFEG Kcl 30°C 1.77 + 0.16*
HydFAEG KCl 30°C 2.08 + 0.14*
HydFEG Nacl 30°C 0.09 + 0.01
HydFEG RbCl 30°C 3.82 + 0.29
HydFEG CsCl 30°C 0.19 + 0.02
HydFAEG NH,Cl 30°C 1.58 + 0.10
HydFAEG RbClI 30°C 3.47 + 0.25
HydFAEG CsCl 30°C 0.11 £ 0.01

*Assays run anaerobically in the MBraun box. All other assays were run under
aerobic conditions.
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increased as temperature was raised to 80°C and showed salt
effects (0.18 min~' NaCl; 0.44 min~! KCI) similar to those for
CaHydF. Therefore it appears as though the nature of salt used
in assay mixtures can act to gate the GTPase activity of HydF
enzymes purified from various sources, although the magnitude
of the effect may vary.

The role of the iron-sulfur cluster in GTP hydrolysis of CaHydF
was examined by using metal-free and reconstituted HydF~EC,
HydF2FC typically purifies with iron numbers of approximately
1 per protein (20). Treatment of HydFAEC with EDTA results in
a colorless protein containing no detectable iron using the spectro-
photometric method of Fish (27). UV-visible analysis of the apo
protein showed a protein-centered band at 280 nm and a weak
band at 410 nm (Fig. S3) that would account for an Fe:protein
ratio of ~0.03, assuming an e value of 15,000 M~! cm~! for abound
[4Fe-4S]?+ cluster. Reconstituted HydFAFS samples are brown in
color and showed strong ligand-to-metal charge transfer bands at
320 and 415 nm, a broad shoulder in the 600 nm region, and iron
numbers up to 3.4 + 0.5 (Fig. S3). The results in Table 2 clearly
reveal that the cluster content of HydF has essentially no effect
on the GTP hydrolysis kinetics.

GTP Hydrolysis and Cluster Transfer. In order to investigate the
possibility that HydF-catalyzed GTP hydrolysis plays a role in
transfer of an H-cluster precursor from HydF to HydA to gener-
ate active hydrogenase, hydrogenase activation assays were car-
ried out that utilized both a nonhydrolyzable GTP analog and the
salt effects on GTPase kinetics described above to modulate
GTPase activity, and the effects on hydrogenase activation were
examined. Activation assays containing HydA“FFG HydFEC, and
either GDP, GTP, or the nonhydrolyzable GTP analog guanosine-
5’-[B,y-imido] triphosphate were performed to examine the effect
of GTP hydrolysis on HydA2EFG activation. As shown in Fig. 4,
no significant changes in the amount of active hydrogenase were
observed despite the different experimental conditions that
tested “GTPase-on” (KCl) and “GTPase-off” (NaCl) states in
the presence or absence of product, substrate, or a nonhydrolyz-
able substrate analog. The small differences observed at later
time points are thought to arise from slight variations during
experimental setup, because this assay is extremely sensitive to
minor variables and errors become magnified as the H, produc-
tion assay proceeds; it is not uncommon to obtain 5% variation in

Table 2. The effect of metal cluster content and presence of
hydrogenase gene products on HydF GTPase activity

Protein Salt Temp keat (min~1)
HydFAEG Kcl 30°C 2.43 =+ 0.36
HydFAEG Stripped Kcl 30°C 2.33 + 0.28
HydFAEG Reconstituted Kcl 30°C 2.30 + 0.31
HydFE¢G KCl 30°C 1.98 + 0.17*
HydFEG 4 HydEF6 Kcl 30°C 3.03 +£0.18"*
HydFES + HydGEF Kcl 30°C 3.12 £ 0.11"
HydFEG 4 HydAAEFG KCl 30°C 2.21 £ 0.28"
HydFEG 4 HydAAEFG KClI/NaCl 30°C 1.34 + 0.09" ¢
HydFAEG 4 Hyd AAEFG KCI/NaCl 30°C 1.53 + 0.09"§

*The experiments run with HydE, HydG, and HydA in this table were
performed with a stock of HydF from a different preparation than what
was used to measure the salt effects in Table 1.

"HydE, HydF, and HydG are from C. acetobutylicum and HydA is from C.
pasteurianum (Cpl). Enzyme incubations were performed anaerobically
with 1 uM HydFES and 10 pM hydrogenase gene product, respectively.

*The k¢, value reported for the HydEF® experiment is the result of a single set
of experimental data. We attempted to repeat the experiment three
additional times but in each case HydEF® precipitated. All other data
reported in this table are the result of either two or three independent
experiments.

$The salt ratio for the HydFEG experiment is 122 mM NaCl to 378 mM Kdl,
whereas the salt ratio for the HydFAE¢ experiment is 176 mM NaCl to
324 mM KCl.
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Fig. 4. H, evolution assays to probe the effects of guanosine nucleotides on
the activation of HydA2EFG by HydFEC. All reactions contained 1.1 mM MgCl,
and 500 mM of an alkali metal salt; the identity of the alkali metal salt
and the guanosine nucleotide varied as follows: NaCl and no guanosine
nucleotide (solid square); NaCl and 110 pM [B,y-imido]-GTP (circle); KCI
and no guanosine nucleotide (solid triangle and solid diamond); KCl and
110 pM [B,y-imido]-GTP (down triangle); KCl and 110 uM GTP (left triangle);
KCl and 110 pM GDP (solid right triangle); control containing HydFE® without
HydA2EFG (KCI) (solid hexagon).

levels among vials with identical reaction conditions at the same
time points. Regardless, it is clear that there are no substantial ef-
fects of these various conditions on the activation of HydA*EFG,
indicating that the GTPase functionality of HydFEC is unrelated
to its ability to activate immature Hyd A2EFG,

Further support for this conclusion is provided in the observa-
tion that the presence of HydA2FFG has no effect on the rate of
GTP hydrolysis by HydF (Table 2). This result is in contrast to the
effects of HydE and HydG on the GTPase activity of HydF; both
of these accessory proteins are found to increase HydF GTPase
activity by approximately 50%. Together, the lack of effect of GTP
on HydA2EFG activation by HydFEC, the lack of effect of HydA
on the GTPase activity of HydF, and the observed effect of HydE
and HydG on the GTPase activity of HydF all point to a role for
GTP hydrolysis not in 2Fe subcluster transfer to HydA but rather
in the earlier chemical steps in which HydE and HydG interact
with HydF to synthesize the H-cluster precursor.

Discussion

The presence of NTPase enzymes in the assembly of metal clusters
appears to be an emerging theme in metallobiochemistry,
although definitive roles have not yet been established in many
cases (28-34). HydF contains an N-terminal GTPase domain com-
prised of the Walker A P-loop and Walker B Mg?* binding motifs
(8), as well as a C-terminal domain containing the conserved ami-
no acids CXHyyy-53HCXXC comprising the putative ligands for
an iron-sulfur cluster (7). GTP binding and/or hydrolysis is essen-
tial to HydF’s role in HydA maturation, because mutations in the
Walker P-loop prevent the formation of active HydA in vitro (8).
Although the precise role of GTP binding/hydrolysis in H-cluster
assembly remains uncertain, the results described herein provide
important insights. First, whereas the presence of the iron-sulfur
clusters is not required for GTP hydrolysis by HydE, GTP signifi-
cantly affects the EPR spectral properties of the iron-sulfur clus-
ters, suggestive of a direct communication between the iron-sulfur
cluster and GTP-binding domains. Second, although the presence
of HydA has no effect on the rate of HydF-catalyzed GTP hydro-
lysis, both HydE and HydG increase the rate of GTP hydrolysis
by 50%. This result suggests that GTP binding and/or hydrolysis
are associated with interactions of HydF with the other accessory
proteins rather than with the hydrogenase structural protein. Such
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interactions were previously inferred from the copurification of
HydE and HydG with HydF (20). Most importantly, our in vitro
activation studies in the presence and absence of GTP, GDP,
and [p-y-imido] GTP under both GTPase-on and GTPase-off salt
conditions demonstrate that GTP hydrolysis is not required for
the activation of Hyd A*FFC by HydF¥C. We therefore suggest that
GTP binding and hydrolysis is associated with the interprotein
interactions involved in cluster assembly on HydF, perhaps by
inducing structural changes in the enzyme that result in altered
interactions with the other accessory proteins, and/or by pertur-
bation of the cluster environment where the H-cluster precursor
is assembled. This latter possibility is directly analogous to the
case for the monovalent cation-activated GTPase MnmE (26),
which has a separate active site for tRNA modification that is per-
turbed by GTP binding and hydrolysis. The nitrogenase Fe protein
provides another comparable example wherein MgATP binding
induces alterations in the microenvironment around the [4Fe-4S]
cluster 15 A away (35-37).

The nature of the 2Fe H-cluster precursor assembled by the
Hyd accessory proteins is illuminated by the current work. Com-
parative EPR studies reveal that the cluster composition of HydF
is changed when the protein is produced concomitantly with
HydE and HydG, with a [2Fe-2S] on HydF cluster becoming
EPR-silent when the three accessory proteins are expressed to-
gether. FTIR spectroscopic analysis reveals that HydFEC contains
CO and CN- ligands with spectroscopic properties similar to
those of holo-HydA. These observations are consistent with a
model in which HydE and HydG catalyze radical SAM chemistry
that ultimately results in the modification of a [2Fe-2S] cluster on
HydF, such that it resembles the 2Fe subcluster of the H cluster
(Fig. 5) and has spectroscopic features that are distinct from a
canonical [2Fe-2S] cluster. While this work was in progress,
the group of Happe and Lubitz reported FTIR and EPR spectro-
scopic characterization of C. acetobutylicum (Ca) HydF overex-
pressed in C. acetobutylicum in the presence of CaHydE and
CaHydG (38). Their CaHydFEC shows similar EPR g values,
assigned to a [4Fe-4S]" cluster, as well as similar vibrational
modes assigned to a CO- and CN~-ligated 2Fe cluster.

HydE and HydG are required for the transformation of
the [2Fe-2S] cluster on HydF to an H-cluster precursor; however,
insight into the precise catalytic functions of these radical SAM
enzymes is just beginning to emerge. We have recently demon-
strated that HydG can synthesize CN~ via the radical decomposi-
tion of tyrosine (18), and this ligand together with CO is
presumably delivered to HydF to produce the H-cluster precursor
that is ultimately transferred to HydA. The synthesis of carbon
monoxide and cyanide by HydG would then suggest that the func-
tion of HydE is to synthesize the remaining nonprotein ligand of
the H cluster, the bridging dithiolate. Given the results presented
herein, we propose that HydE catalyzes insertion of the bridging
sulfides from the [2Fe-2S] cluster on HydF into C-H bonds of a
substrate in a manner analogous to the accepted mechanism for
biotin synthase (39, 40). This modification of the [2Fe-2S] cluster
would dramatically alter the cluster properties, allowing for
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addition of the CO and CN~ ligands by HydG to generate the
final H-cluster precursor. The results presented herein provide
evidence that HydF is not simply a carrier of the 2Fe subcluster
to the H cluster but is a true assembly scaffold upon which the
2Fe subcluster is built from a [2Fe-2S] cluster precursor by the
activities of HydE and HydG.

Experimental Procedures

Protein Expression and Purification. Constructs encoding Hyd ma-
turation proteins from C. acetobutylicum were transformed into
E. coli- BL21 (DE3) (Stratagene) cells for protein expression, as
described in ref. 20 with slight modifications. Cell lysis and pro-
tein purification were carried out under anaerobic conditions in a
Coy chamber, as described in ref. 20 with slight modifications.
Detailed procedures for both expression and purification are pro-
vided in SI Text.

GTPase Kinetic Assays. As-isolated HydF®C and HydFFC were
assayed for their ability to hydrolyze GTP under a variety of ex-
perimental conditions, including variations in temperature, the
nature of salt present in the assay mixture, the presence and ab-
sence of O,, and the effects of HydA*FFG, HydGFF, and HydEFC,
respectively. Assay conditions were as follows: alkali metal salt
(400 mM final), GTP (2 mM final; guanosine 5’ triphosphate so-
dium salt, Sigma, minimum 95% HPLC), MgCl, (2 mM final),
DTT (2 mM final), HydFFS and HydF2EC (7-14 uM final).
Additionally, to determine the effects of accessory and structural
hydrogenase proteins on the GTPase activity of HydF, assays were
set up in the presence of 10 pM HydA2EFFG HydGEF, and
HydEFC | respectively, with 1 pM HydFEC. Last, as-isolated
HydF2EG was compared to metal-free and reconstituted forms
of HydF~ES in order to examine the effects of metal cluster con-
tent on GTPase activity. Assays were run either in an anaerobic
chamber (Mbraun, <1 ppm O,) or on the benchtop, and tem-
perature was controlled by using an IsoTemp block (Fisher).
Further details of assay conditions are provided in SI Text.

HPLC Analysis. At given time points, aliquots of GTPase assay
mixtures were removed, quenched by addition of 1 M HCI,
and analyzed by reverse-phase HPLC. GDP and GTP peak areas
were integrated and compared to control assays run in parallel.
Details on the sample prep, chromatography, and calculations are
described in SI Text.

Determination of the Effects of GTPase Activity on [FeFe]-Hydroge-
nase Activation. To determine whether GTPase activity was asso-
ciated with the maturation of HydA2F¥C by HydFEC, enzyme
samples were assayed in KCl- and NaCl-containing buffers
(50 mM Hepes, pH 7.4, 500 mM salt), in the presence or absence
of GDP, GTP, or the nonhydrolyzable GTP-analog guanosine-5'-
[B,y-imido] triphosphate (trisodium salt, Sigma, 91% HPLC). As
described in ref. 20, assays are performed by combining purified
inactive HydA~FFG with purified HydFEC in the presence of
methyl viologen and dithionite. Details are provided in SI Text.

HydF
_activated

Fig. 5. Proposed biosynthetic pathway for the H-cluster of [FeFe] hydrogenases. HydE utilizes an unknown substrate to synthesize the bridging dithiolate
ligand on a [2Fe-2S] core on HydF in a step possibly utilizing GTP hydrolysis. This cluster intermediate is further processed by HydG, which utilizes tyrosine to
synthesize CO and CN~ ligands, thus completing synthesis of the 2Fe unit of the H-cluster on the HydF scaffold. The activated form of HydF then interacts with
HydA2EFG and transfers the 2Fe cluster, thereby affording the holo [FeFe]-hydrogenase.
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EPR Sample Preparation and Spectroscopic Analysis. EPR samples
were prepared in an MBraun box at O, levels <1 ppm by using
the methods described in SI Text. Low-temperature EPR spectra
were collected by using a Bruker EMX X-band spectrometer
equipped with a liquid helium cryostat and temperature control-
ler from Oxford instruments. Typical EPR parameters were:
sample temperature, 12 K; microwave frequency, 9.37 GHz;
microwave power, 1.85 mW; time constant, 81.92 msec; sweep
time, 167.77 sec.

FTIR Sample Preparation and Spectroscopic Analysis. FTIR samples
were prepared under anaerobic conditions in a Coy anaerobic
chamber containing approximately 3% H, atmosphere. FTIR
spectra were measured by using a Bruker IFS/66S FTIR spectro-
meter interfaced to a home-built stopped-flow drive system
with the sample cuvette and drive system maintained inside an
anaerobic chamber (Belle Technology, O, < 1.1 ppm) as de-
scribed elsewhere (41). The IR cuvette was thermostatted at
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