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The active site of[Fe-Fd-hydrogenases free” hydrogenase (4,5,6), which do not appearto b
is composed of a di-iron complex, where the two structurally or phylogenetically related (7).
metal atoms are bridged together by a putative [Fe-Fe]-hydrogenases are limited to certain
di(thiomethyl)amine molecule and are also anaerobic bacteria and anaerobic eukaryotes and are
ligated by di-nuclear ligands, namely carbon often involved in H evolution with catalytic
monoxide and cyanide. Biosynthesis of this activities up to 100 times higher than those of-[Ni
metal site is thought to require specific protein Fe]-hydrogenases (8). At their active site they
machinery coded by thehydE, hydF and hydG contain a dinuclear iron center attached to the
genes. The HydF protein has been cloned from protein by only one bond between a cysteine residue
the thermophilic  organism Thermotoga and one of the two iron atoms (Fig. 1). This cystei
maritima, purified and characterized. The also serves as a ligand for an adjacent [4Fe-4S]
enzyme possesses specific amino-acid signaturesluster, so there is a sulfur bridge between the tw
for GTP-binding and is able to hydrolyze GTP. metal sites (2,3). [Fe-Fe]-hydrogenases also aontai
The anaerobically reconstituted TmHydF additional [2Fe-2S] and [4Fe-4S] clusters which
protein binds a [4Fe-43 cluster with peculiar shuttle electrons between the, Hctivating site,
EPR characteristics: an S=1/2 signal presenting inside the protein, and the redox partners at the
a high field shifted g-value together with a surface. _
S=3/2 signal, similar to those observed fq4Fe- One remarkable property of the [Ni-Fe]- and
49 clusters ligated by only three cysteines. [Fe-Fe]-hydrogenase active sites is the presence of
HYSCORE spectroscopy experiments were Carbon monoxide and cyanide ligands as clearly

carried out in order to determine the nature of ~€stablished by X-ray crystallography (1,2,3) and
the clusters fourth ligand and its infrared spectroscopy (9). In both cases CO and CN

exchangeability was demonstrated with the are found coordinated to the iron atoms an_d are
formation of a [4Fe-43-imidazole complex. thought to allow stabilization of the low iron
oxidation and spin states required for activity)(10

Hydrogenases are metalloproteins tHgfrared  spectroscopy  studies  have  also

catalyze the reversible activation of moleculdfmonstrated the presence of CO ligands in the
hydrogen and enable an organism to either utilize fion-Sulfur cluster-free” hydrogenase (11). In the

as a source of reducing power or to use protond/3§ue case of [Fe-Fe]-hydrogenases an intriguing
terminal electron acceptors, thus generatinggéss. 0W-molecular weight compound, still incompletely
Based on their metal content, hydrogenases ggntified ~but —often proposed to be a
divided into three classes, [Ni-Fe]-hydrogenasgs gil(thlomethyl)amlne, is bound to the di-iron site

[Fe-Fe]-hydrogenases (2,3) and “Iron-Sulfur clust (IIF:r'gu%](laZ) bridging bidentate coordination mode
ig. :



The presence of potentially toxic compoungsyruvate-formate lyase (21), biotin synthase (2&) a
such as CO and CMnd unique ligands, such as ttihe MiaB protein (26).
bridging dithiol, suggests the involvement of In order to study the maturation process of
specific accessory proteins during the synthesis[led-Fe]-hydrogenases at the molecular level, we
the hydrogenases active sites. It is a recent popnbecame interested in homologs of heeinhardtii
that the biosynthesis of biological metal clustens hydEF andhydG genes. InThermotoga maritima, a
their assembly within metalloproteins are carrietl diyperthermophilic organism possessing only [Fe-
and tightly controlled by specific proteifFe]-hydrogenases, the two domains of the HydEF
machineries. For example, the ISC and SlpFotein are encoded by two separate gehehkydE
systems, which are involved in the production afd TmhydF, and the HydG protein is encoded by a
iron-sulfur clusters and their transfer into irarifgr gene localized in the same operon encoding the
proteins, or the NIF system, which is involvedlie t TmHydE protein. We have initiated a study of the
biosynthesis of the active site of the nitrogenabeee proteins, HydE, HydG and HydF, in order to
protein, have been extensively studied duringaiké lunderstand the structural and functional propedfes
decade (13,14,15). In the case of [Ni-FaRhese interesting enzymes and their specific nole i
hydrogenases the maturation process is rather wWadl assembly of the di-iron site of [Fe-Fe]-
characterized and involves at least seven prossnéiydrogenases. We have recently reported a
well as chemical components such as ATP, GTP ameliminary characterization of the Radical-SAM
carbamoyl phosphate, which is the precursor mbteins, HydE and HydG (27). It was confirmed
cyanide (16). However there is still no cleanat they bind 44Fe-4$ cluster able to reductively
understanding of how the CO ligands atteave SAM and it was also shown that they contain
synthesized and incorporated (17) an additional cluster whose function is so far

In contrast, the maturation of [Fe-Felnknown (27). Here we report the first isolatiordan
hydrogenases is not well understood. In fact, mothcharacterization of the third component of the
was known in terms of accessory genes involvedagsembly machinery, the HydF protein from
the biosynthesis of the di-iron site until the vefymaritima. We demonstrate that it is a [4Fe-4S]
recent and important discovery of two gen&®n-sulfur protein, which binds GTP and catalyzes
required for the assembly of an active [Fe-Féfs hydrolysis to GDP. Possible roles for the HydF
hydrogenase from the photosynthetic green algaetein in the maturation process are discussed.
Chlamydomonas reinhardtii (18). An interesting
observation is that these genes are exclusivelydou Materials and Methods
in [Fe-Fe]-hydrogenase-containing microorganismsnHydr cloning - The open reading frame
The first gene,hydEF, codes for a protein thagncoding the TmHydF protein (TM0445) was PCR
contains two independent domains homologousgigpiified using T.maritima genomic DNA, Pwo
distinct prokaryotic proteins, HydE and HydF. Theslymerase (Roche) and the following primers: the
N-terminal domain of the HydEF protein fro@ N-terminus primer (TmHydF-F: 5
reinhardtii and that of all HydE proteins Comai@AGGGTGATCATATGAGATTGCCG-3') was
amino-acid  sequences  characteristic  f@ésigned to contain a unigdilel restriction site at
metalloenzymes belonging to the Radical-SAfe predicted initiation codon and the C-terminus
enzyme superfamily (19). The second gemeiG, primer (TmHydF-R: 5
encodes a protein that also contains signatyRSCCCAGATGAAAGCTTCGTCGAG-3)) to
characteristic for the Radical-SAM superfamilyypridize in the 3-untranslated region and to aint
These enzymes are characterized by the presencg @iqueHindlll restriction site. The PCR fragment
a[4Fe-43 cluster chelated by three cysteines fromyas purified with the High Pure PCR kit (Roche),
conserved CXCX,C sequence and the ability of thigouble digested wititNdel and Hindlll (Fermentas)
cluster to catalyze the reductive cleavage of gd gel purified before direct cloning into the p7
adenosylmethionine (SAM), thus initiating radic@xpression vector, leading to the pTmHydF plasmid.
reactions (20,21,22,23). Well-known examples gHsq cells were transformed with the pTmHydF
Radical-SAM ~ enzymes are the activase Pfasmid and one clone containing an insert with the
ribonucleotide reductase (24), the activase @lpected size was selected for sequencing. The



cloned hydF was confirmed to be wild-type whetn vitro reconstitution - In a anaerobic glove box,
compared to the Genbank sequence AAD35530. the as-purified TmHydF protein was incubated with
TmHydF expression and purification - As a 10-fold molar excess of dithiothreitol (Fermeitas
T.maritima genes use numerous rare codons tfiéke protein was then incubated with a 6-fold molar
code for arginine, isoleucine or leucine residuescess of a ferrous salt (MFeSQ*6H,0) (Sigma
E.coli BL21-CodonPlus(DE3)-RIL cells (Stratagendldrich), 6-fold molar excess of cysteine (Sigma
were used for expression of the TmHydF protelldrich) and 0.02 molar equivalent of the
Cells transformed with the pTmHydF plasmid werecombinant purified cysteine desulfurase IscS
grown in Miller's modified LB medium at 37 °Corotein fromE.coli, available in the laboratory. The
until the OQyonm reached 1, then protein expressidarmation of the iron-sulfur cluster was followed
was induced by addition of isoprogg#D- spectrophometrically at 410 nm. When this
thiogalactopyranoside to a final concentration &f Gabsorption reached a plateau the protein was treate
mM. After 5 hours, the cells were pelleted andedomwith a 6-fold molar excess of EDTA in order to
at -80 °C until use. remove unspecifically bound iron and then desalted
For purification, the cells were thawed in then a Sephadex-G25 column equilibrated in 20 mM
presence of lysozyme (0.6 mg/ml) and 0.5% (vAiis buffer pH 8.0, 100 mM NaCl.

Triton X-100, sonicated and centrifuged at 180,00@TP hydrolysis assay - Under aerobic conditions, 20

g for 1 hour. DNA was removed from th@M of TmHydF protein was incubated at 37°C with
supernatant by centrifugation at 10,000 x g aftet0 uM GTP (Acros) and 1 mM Mgg€in 20 mM
precipitation with 2% streptomycin sulfate. Théris buffer, pH 8.0, containing 200 mM NaCl. At
cell-free extract was then loaded onto a Blu#me intervals, aliquots of the reaction mixturergve
Sepharose column (Amersham Biosciences)lected and assayed for production of GDP. The
equilibrated with 20 mM Tris-HCI buffer pH 8.0samples were analyzed by reverse phase HPLC on a
After extensive washing with the equilibratiodORBAX Eclipse XDB-C8 column, (4.6 x 150 mm,
buffer, the protein was eluted from the column gsih pm, Agilent Technologies) eluted with an isoarati
20 mM Tris-HCI buffer pH 8.0, containing 250 mMnobile phase of 50 mM sodium phosphate buffer pH
NacCl. Fractions containing pure protein were pooléd, 10 mM tetrabutylammonium bromide, 10 %
and concentrated by ultrafiltration using a YM-30H;CN. The guanosine nucleotides were detected by
membrane. The protein was then aliquoted, fldbkir absorbance at 254 nm and under these
frozen and stored at -80 °C until use. conditions GDP eluted after 5.5 min.

Protein characterization - Protein concentrationsElectronic Paramagnetic Resonance - X-band EPR
were determined with the Biorad Protein Assagpectra were recorded on a Brucker Instrument EMX
using bovine serum albumin as a standard. Aercgpectrometer equipped with an Oxford Instrument
UV-visible absorption spectra were recorded onE&R 900 flow cryostat. Protein samples were
Cary 1Bio spectrophotometer (Varian). Anaerokigaerobically reduced with 2 mM sodium dithionite
spectrophotometric measurements were carried lagfore introduction in the EPR tube and freezing.
within an anaerobic glove box (Jacomex) in whithYSCORE spectroscopy - HYSCORE experiments
the cell holder is connected to an UvikonXwere performed on a Bruker Elexsys E-580 X-band
spectrophotometer (BioTek Instruments) outside thgsed spectrometer with a Bruker ER4118X
box by an optical fiber. Iron and sulfur quantibas dielectric resonator and a continuous flow He
were done according to the methods of Fish (28) anybstat (Oxford Instrument CF935) controlled by an
Beinert (29), respectively. The oligomeric state ©ford Instrument temperature controller ITC 503.
the protein was determined in the anaerobic gldveperiments were performed at 10 K using the
box by analytical gel filtration on a Superdex 2@@andard 4-pulse sequence/2¢t-n/2-t1-n-t2-1/2-

HR 10/30 column (Amersham Biosciencestho) with a nominal pulse width of 16 ns fg@
equilibrated in 100 mM Tris-HCI buffer pH 8.0, 0.and = pulses, at value of 120 ns and a pulse
M NaCl, 2 mM dithiothreitol. Mass spectrometrgepetition rate of 2 kHz. Unwanted echoes were
and N-terminal sequencing analyses were performeshoved by four-step phase cycling. A 128x128
by the mass spectrometry and the peptide analgsisaset was recorded with times t1 and t2
facilities of the Institut de Biologie Structuralincremented in 24 ns steps from an initial value of
(Grenoble, France). 200 ns. This dataset was processed using Xepr



software (Bruker). The background decay in bdth value for the dissociation of the TmHydF
dimensions was subtracted using a linear pitotein-GTP complex could thus be determined by
followed by apodization with a Hamming windouitration of the TmHydF protein with increasing
and zero-filling to 512 points in each dimensiononcentrations of GTP, monitored by fluorescence
Then the 2D Fourier Transform magnitude spectrgmectroscopy. The data were best fit to the standar
was calculated and presented as a contour plot. binding equation assuming one saturation site and
allowed the determination of a value of
Results approximately 3 pM for Kd (data not shown). GTP
Purification of the recombinant TmHydF protein - hydrolysis was assayed by incubating the as-pdrifie
The purification protocol described in the Matesial MHYdF protein with an excess of GTP and’Mat
and Methods section resulted in the production oPd 8.0. A slow production of GDP (0.03 ritywas
pure protein that migrates as a single band ofbgerved as monitored by HPLC (Fig. 3). When the
denaturating p0|yacry|amide ge| (data not Shov\ﬁ)fpteln was omitted from the reaction mixture, no
and which was confirmed as being the TmHy(ﬂ]IOdUCtion of GDP could be detected. Furthermore
protein by N-terminal sequencing. The molecula® ATPase activity could be observed. These data
weight was determined by mass spectrometry todiarly demonstrate that the TmHydF protein is a
at 4511043 Da, in good agreement with the m&s§Pase, with a rather low activity as observedén t
calculated from the amino acid sequence (450®B€ of many Small-G proteins (30). It is important
Da). The protein behaved as a monomer in solutiénnote that this very weak activity offered the
as shown by gel filtration on a calibrated Superdegssibility to determine the Kd value for GTP as
200 column (data not shown). described above.
The TmHydF protein is a GTPase - Primary The TmHydF protein is an Iron-Sulfur protein -
sequence analysis of the N-terminal domain of Hyg#encentration of solutions containing the as-pexifi
proteins  from various [Fe-Fe]-hydrogenasBrotein resulted in the appearance of a light-brown
containing microorganisms revealed the presenc&®@pr. In addition, analysis of an alignment of tfyd
several conserved consensus sequences, simild@gin primary sequences from different [Fe-Fe]-
those involved in guanine nucleotide binding f#drogenase-containing microorganisms showed the
Small-G proteins (Fig. 2) (30,31). The first magf complete conservation of three cysteine residues
the (G/A)X,GK(T/S) sequence responsible for tHecated in the C-terminal region of the protei_n,
binding of a- and B-phosphate groups of th&302, C353 and C356 for the TmHydF protein (Fig.
nucleotide (the P loop), which is localized 4)- Cysteine residues, especially within the ,CX
residues 16-23 in the TmHydF protein. One of tA¥!if, are often observed as ligands of Fe-S claste
three threonine residues, T43, T44 or T45, migHieé as-isolated protein was found to contain
correspond to the conserved threonine residueeof§HPStoichiometric amounts of iron and sulfur atoms
G2 loop involved in M§ binding. The third (<0.2 of each atom per equivalent protein). This is
sequence is DG, residues 69-72, which provideBOSSibly due to the loss of the oxygen-sensitive
the G3 loop involved in the interaction with tige Cluster during aerobic purification, as is often
phosphate and M The G4 loop, (N/T)(K/Q)XD, observed with Fe—S_ protelns._Flnally, we de_termlned
which is supposed to interact with the nucleotige,tnat TmHydF protein could bind up to four iron and
present between residues 123 and 126. Finally, ¢ sulfur atoms per polypeptide chain, after
G5 loop, for recognition of the guanine bas@paerob_lc treatment v_wth an excess of ferrous iron
(TIGIC)(C/S)A, is more difficult to find. It could@nd sulfide and desalting (data not shown).
involve residues V150, S151 and A152, where the  1he  UV-visible — spectrum of  the
replacement of a threonine residue by a valineccofconstituted TmHydF protein (FigAp displays a
be considered as an isosteric change. bro_ad absorption b.and centered arognd 410 nm
GTP binding to the TmHydF protein waWhich can bg_ assigned to _su_Ifur-to-lron charge
demonstrated by fluorescence spectroscopy. UP@Rsfer transitions characteristic of a [4Fe-4S]
excitation at 285 nm, the TmHydF protein displag&/Ster and responsible for the brown color of the
an intense fluorescence band at 334 nm. AdditiorP&t€in. The presence of a [4Fe-4S] cluster in the
GTP resulted in a quenching of the fluorescence!®&fHYdF protein was further demonstrated by EPR
the protein indicating formation of a complex. THpectroscopic analysis after anaerobic reductioh wi



an excess of dithionite. The EPR spectrum displagd@racterize the reconstituted protein after
several signals (Fig.Bband C). An axial signal is anaerobic reduction with dithionite. HYSCORE
seen in the g=2 region (g=2.045, g=1.904) witpectroscopyis the method of choice to detect
microwave power saturation and temperaturgperfine coupling of nuclei with low
saturation dependence properties characteristia fgyromagnetic moments in non-oriented systems.
reduced S=1/2 [4Fe-4S] center (Fig. B). One of the main advantages of HYSCORE is the
Additional resonances were observed around g=atility to sort three types of nuclei: the strongly
and g=1.75, which belong to the broad spectrum(jaff/2 >v,) and weakly (|a]/2 ©,) coupled ones
the [4Fe-4S] center in the S=3/2 spin state (32)nd the “distant” nuclei characterized by very low
(Fig. 5C). Quantitation of the g=2 signal (0.1-0.Byperfine constants. In the latter case the
spin/protein) revealed that less than 20% of tik&{4 corresponding peaks lie on the diagonal of the
A4S} cluster was in the S=1/2 reduced state. Tfe+) quadrant, whereas the strongly and weakly
amount of reduced cluster in the S=3/2 state ishmgoupled nuclei appear off the diagonal in the (-,+)
more difficult to appreciate considering thand (+,+) quadrants, respectively. Moreover, with
broadness of the signal and the difficulty to abtai strongly coupled I=1 nucleus such'as, it is
the zero-fill splitting parameter. However, thesed possible to observe a characteristic pattern ir{-the
doubt that there was a significant production @f) quadrant with so-called double guanta-double
S=3/2 clusters during anaerobic treatment of ipganta (dgdq) correlation features (35,36). They
TmHydF protein with dithionite. correspond ta\I=2 nuclear transitions and are, to
These results unambiguously show that tthee first order, insensitive to orientation
TmHydF protein is a [4Fe-4S] cluster-containingroadening. It is possible to obtain a rough
protein. So far we can not find any correlatiastimate of the hyperfine coupling constamt
between the presence of the cluster and the GTRsgpposed to be mainly isotropic) and quadrupolar
activity. Reconstituted and as-isolated TmHydfoupling constark from the frequency position of

protein preparations have similar GTPase specifie dqdq correlation peaks using equationsl (
activities and furthermore no modification of th@eing the asymmetry parameter) (37). Thus, a
EPR spectrum could be observed upon additionn@fogen atom ligated to a Fe-S cluster is easily
GTP or GDP. detectable due to the strong coupling of the nuclea
An exchangeable site at the [4Fe-4S] cluster of the spin (I=1) with the unpaired electron.

TmHydF protein - The EPR spectrum of the

TmHydF protein is quite unusual. Not only does it )

show the presence of both S=1/2 and S=3/2 clusters (1) 2 -4}, La) . K2(3+/72)

but the high-field feature of the S=1/2 signal is dada T2

centered at g=1.904, which is significantly higaldi

shifted with regard to standard g values for reduce

[4Fe-4S] clusters, generally measured at g=1.94 T_he HYSCORE spectrum of the
(33). The observation of a protein-bound [4Fels naeroplcally reduced protein presented no cross
cluster presenting a S=3/2 signal together with gpvw©'"elation peaks except those corresponding to
values for the S=1/2 signal (g=2.10, g=1.87, g=1. tant ~°C  carbon atom_s present in ngtural
has been reported by Adams and coworkers for éj_ndance antH atoms (Fig. .A)’ Fhus excluding
ferredoxin from Pyrococcus furiosus (34). This a nitrogen atom in the coordination sphere of the
ferredoxin is one of the rare examples of ctlystgr._ln add!tlon, HYSCORE spectra of the
spectroscopically well-characterized protein with potein in DO did not show any strongly coupled
[4Fe-4S] cluster that has incomplete cysteir@mh"’mge""ble)zk| nucleus (data not sh_own) as
coordination, with three cysteine ligands and %puld have been expected if the fourth ligand was
aspartate as the fourth ligand (34). This raises gwater molecule. Fu_rther experiments are required
possibility of the presence of a non-cysteinyl figa 1© identify the fourth ligand. .

at the [4Fe-4S] cluster of the TmHydF protein. The exchangeability of the fourth ligand
To further study the ligands of the cluster, V@S assaye_d _by incubating the reduced protein
HYSCORE spectroscopy, a two-dimensionai"v'th 5 mM_|m|dazo!e. The EPR spectrum .O.f the
pulsed EPR technique, has been used fsaction mixture did not show any significant



change. On the other hand, the HYSCORENd, unfortunately, these histidine-ligated cluster
spectrum was drastically modified (FigB)6 The have never been studied in the reduced state asd th
most striking change was the appearance of mothing is known about their EPR characteristics.
complex pattern of peaks in the (-,+) quadrantThe second example is the cluster found in the
characteristic of a strongly coupled nitrogen atomferredoxin from P.furiosus, see results section,
In particular, it was possible to observe a pair ofvhich has a cluster that is ligated by a carborylat
dqgdq correlation peaks at (-2.4, 7.0) and (-7.0) 2. from an aspartate residue (34). From the HYSCORE
MHz, respectively. Using equation (1), 4.8 MHzresults reported we definitively exclude a nitrogen
was obtained for the hyperfine coupling constant based ligand from the protein. Thus an O-
and 0.53 MHz for the quadrupolar couplingcoordination provided by the protein would be a
constantK. These values are in the range of thospossibility. Also, there are several examples &e[4
obtained for Rieske proteins, where thes; N4S] clusters ligated by three cysteines and an
histidine nitrogen is ligated to tH&Fe-2$ cluster exogenous ligand. The most extensively studied of
(38,39). This suggests that imidazole is N-ligateguch clusters are those found in aconitase, wih th
to the fourth iron of the cluster in a very similarcitrate substrate bound to the fourth iron, or in
fashion to that observed for the histidine ligand i Radical-SAM enzymes, with S-adenosylmethionine
the Rieske [2Fe-2S] cluster. These results alsepordinated to one iron through its aminocarboxyl

show that the [4Fe-4S] cluster is solventmoiety (40,41). It is thus also possible that ie th
accessible, as its fourth ligand is easnypurified protein studied here, the fourth coordimat

exchangeable with imidazole. site is occupied by a low-molecular weight
compound, a cofactor or a substrate, not yet
Discussion identified. Also based on HYSCORE experiments,

The results presented here provide the fit¢ exclude the possibility that the fourth ligasda
detailed characterization of the HydF protein, whi¥/ater molecule (see above) o
is involved in the maturation of [Fe-Fe]- The observation of a cluster-imidazole
hydrogenases. We have clearly established thata@@plex during incubation of the TmHydF protein
TmHydF protein is an iron-sulfur protein carrying ith an excess of imidazole shows that the fourth
[4Fe-4S] cluster, on the basis of iron and sulféife iS easily accessible by exogenous ligands and
guantitation, UV-visible and EPR spectroscopys|teadily —exchangeable. This [4Fe-4S]-imidazole
very likely that this cluster is ligated by onlyr¢le COmplex is an interesting novel species since it
cysteines and that these cysteines are the tMyedld provide the first  opportunity to
conserved ones, C302, C353 and C356, the |a$fegctrospically characterize an interaction betwaeen
two belonging to a C3C motif, which is frequently [4F€-4S] cluster and a nitrogen ligand such as
involved in cluster chelation. The presence of a-ndMidazole or histidine, as found in some enzymes
cysteinyl ligand is also indicated by the signifidg Such as hydrogenases (see above) and to identify
low g value (g=1.904) in the EPR spectum of tpeecific signatures for these entities that difficiese
S=1/2 reduced cluster, as compared to the speictrd®m from standard clusters. This is currently unde
clusters with four cysteine ligands. Also, th8vestigation. _ _
presence of a significant amount of reduced claster ~ The second important observation reported
in the S=3/2 spin state suggests an unusi@re is the ability of the HydF protein to blnd GTP
coordination. There are few examples of [4Fe-44d=3 LM) and to catalyze GTP hydrolysis. This
clusters ligated by a protein site different from @l'Pase activity requires I\?Fgand. is consistent with
cysteine. An interesting one is provided BYe presence, in the N-terminal part of HydF
hydrogenases themselves. The three-dimensidtigfeins, of several conserved consensus sequences
structures of [Fe-Fe]-hydrogenase and [Ni-Fépund in Small-G proteins. So far we have been
hydrogenase reveal the presence of a [4Fe-dBgble to find any interdependency between the
cluster coordinated by a histidine residue, througf¢sence of the [4Fe-4S] cluster and the GTPase
the N atom in the first case and the Btom in the activity. In pf-:trtlcular, S|m_|lar enzyme activitiggere _
second case (2,1). Hydrogenases are difficult OfServed using preparations of the TmHydF protein
investigate spectroscopically due to the large remWith different cluster contents. Iron-sulfur protei
of Fe atoms and clusters within the same enzyWjfh the ability to bind and hydrolyze nucleoside



triphosphates (ATP or GTP) are rare. Ouwménuclear metal site (consisting of a Ni atom and a
fascinating example is the bacterial nitrogendse atom with CO and CN ligands). It has been
which couples the energy of ATP binding argshown that this protein, HypB, participates in the
hydrolysis to electron-transfer reactions (42)tHis GTP-dependent insertion of the nickel atom into an
case the Fe protein of nitrogenase (NifH) binds ttmgdrogenase form only containing the Fe(CO)(£N)
nucleotide and a single [4Fe-4S] cluster, and thetif (16). It is thus tempting to speculate thag t
electron transfer from that cluster to the MoftydF protein is also involved in the GTPase-driven
protein where W is reduced is driven by theénsertion of the diiron complex, or part of it drthe
hydrolysis of two molecules of ATP. Futurf4Fe-4S] cluster to which the diiron complex binds,
experiments will aim at finding whether the clusterto the [Fe-Fe]-hydrogenase active site. It semns
in HydF proteins has a redox function and whether a common theme that a nucleotidase activity is
the latter is controlled by GTP binding anckquired in metallosite biosynthesis. In additian t
hydrolysis. the HydF and HypB proteins, one can mention the
Finally, an important issue is how the HydEooC and UreG proteins, involved in nickel
protein participates to the maturation of [Fe-Fefsertion during maturation of carbon monoxide
hydrogenases. These enzymes harbor a very pecdiduydrogenase (43) and urease (44), respectively, a
active site with CO, CN ligands to the iron atoras well as NifH which also functions in the ATP-
well as a putative di(thiomethyl)amine bridging treependent insertion of the FeMo-Co into
two irons (Fig. 1). Furthermore, this di-iron compl aponitrogenase (45).
shares with an adjacent [4Fe-4S] cluster a sulfur Together with the purification and the
ligand provided by one bridging cysteine. Activatiaccharacterization of the HydE and HydG proteins that
of hydrogenase thus requires synthesis of these recently reported (27), this work on the HydF
components and assembly within the active sitis. Iprotein provides a strong basis to desigriravitro
too early to identify where the HydF proteiaystem for maturation of [Fe-Fe]-hydrogenases and
participates in this process. However, it is irgérg to understand the mechanism of the assembly of the
to note that a protein, with GTPase activity and Kidron active site. It is remarkable that this s
values for GTP comparable to those displayed by ttepends so much on Fe-S clusters, two from HydE,
TmHydF protein, is involved in the maturation dfvo from HydG and one from HydF.
[Ni-Fe]-hydrogenase, which also contains a
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FIGURE LEGENDS

Figure 1. Schematic representation of the [Fe-Fe]-hydrogeaetiee site complex.

Figure 2. Multiple sequence alignment of the N-terminal GTiRding motifs of HydF proteins from
different [Fe-Fe]-hydrogenase containing organis@snsensus sequences for tri-phosphate nucleotide
binding are shaded in gray.

Figure 3. GTP hydrolysis catalyzed by the TmHydF protein. 2@ of as-purified filled circles) or
reconstituteddpen circles) TmHydF protein was incubated at 37°C with 500 WP and 1 mM MgGl
in 20 mM Tris buffer, pH 8.0, containing 200 mM NaC

Figure 4. Multiple sequence alignment of a single region tedan the C-terminal end of HydF proteins
from different [Fe-Fe]-hydrogenase containing oigars. Conserved cysteine residues are shaded in
black.

Figure 5. Spectroscopic characterization of the anaerolicatonstituted TmHydF protei®, UV-
visible spectrum;B and C, X-band EPR spectra of the anaerobically reducemteim. Amplitude
modulation 1 mT B, temperature 10K, microwave power 1 m@/;temperature 4K, microwave power 4
mW, the central peaks (*) correspond to the S=[L/&ter).

Figure 6. HYSCORE spectra of the anaerobically reduced TmHpdtein, recorded at g=1.90A,
before;B, after addition of 5 mM imidazole.
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Al FGKRNAGKSSLI ~ 32------ 47
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SLFGKTNSGKSSI |~ 43------ 58
ALFGKRNSGKSSLI ~ 26- - - - - - 41
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(N T) KXD
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AGITTDP 47------ 66 PGLDDVGELG
PGITTDP  47------ 66 AG DDVGELG
PGITIDP 49------ 68 AG DDEGDLG
PGITIDP 47------ 66 AG DDTGDLG
PGITTDP 53------ 72 AG DDVGELG
AGITIDP 47------ 66 AGLDDEGYI G
KGITTDA 40------ 59 AG DDEGTLG
KGITIDP 64------ 83 AGFDDEGEI G
AGITIDP 47------ 66 AGFDDEGELG
KGITTDP 49------ 68 PG DDEGTLG
TTT DDXG
129------ 147 VLLVSALQK 155
129------ 146 VLPVSALTR 154
133------ 151 FCACSCI GQ 159
130------ 146 SAAVCSTDG 154
136------ 153 FLPVSCATL 161
131------ 147 | VSISALRR 155
123------ 139 FI WSAATG 147
160------ 204 CVAI SAKNN 212
129------ 146 PLIVSAKEK 154
133------ 142 EI YWSAKTG 150
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Figure 4

T.maritim 298.. | MEQETHRPLTEDI GRVKI PRW.VNHTGAQLNFKVI AGKDFPDLEEI EGAKLI | .. 357
M t her npaceti ca 297.. | AEASTHHRQADDI GKVQ PRW.RQYVGGEDL QFSWYSGSGFP- - EDVASYKVI | . 354
S. t her nophi | um 303.. | AET@THHQOKDDI GTI'VKI PRW.RERVGGEL QFEWAHGGEMP- - EDLSPYRLI VI . 360
D. psychrophil a 305.. | 8 THHATEDDI GRVKI PRI\LRKYSGKKVEI DVFSGRDFP- - ENLEDYKLI | . 362
D.vul garis 299.. VAEAGTHHPLADDI GRVKI PRW.RQYAGGNI HI DTFAGKDIVP- - ADLSGYRLI | .. 356
B. t het ai ot aomi cron 309.. | AEASTHAPLSEDI GRVKLPHLLRKRI GEKLSI DI VAGTDFP- - QDLTPYSLVI . 366
T. tengcongensi s 305.. | AEA®THHRQSDDI GTVKI PRW RQ AGFDI NFEW/SGYGYK- - KDLSKYAL| VI . 362
C tetani 298.. | SEASTHHSLKGDI AKEKI PNLLKKKI GGEVNI DFSSGEDFT- - KNI EKYKLI | . 355
S. onei densi s 290.. | SEAGSHNVQEDDI GRVKLPRW NSYTGKQLEFVVTSGHDFP- - NDLEQYALVI . 357
C. perfringens 356.. | 8 THHQLKGDI AREKLPTW.EETC- PG | VHNCSGKDFP- - KNLNEYALVI . 412
B.fragilis 298.. | AEASTHAPLSEDI GRVKLPRMLRKRI GEKLHI DI VSGNDFP- - KDLNCYDLI | . 355
C. thernocel | um 294.. | SEGETHHRQCDDI GTVKLPRW NNYTKKNLNFEFTSGTEFP- - EDLTRYKLI VI . 351
C. acetobutyl i cum 300.. | AEASTHHRQSDDI GKVKI PRW.RQKTGKKLEFDFSSGFSFP- - PNI EDYAL| VI . 357
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Figure 5
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Figure 6
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