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I .. GENERAL I N T R O D U C T I O N 

OnOn the structure, spectroscopic and redox properties of{NiFe}-hydrogenases 

1.. H I S T O RY 

Alreadyy in the nineteenth century, scientists knew that some bacteria are able to decompose 
formatee into C 02 and H2 (Hoppe-Seyler 1887). Forty years later, in 1931, Stephenson and 
Sticklandd {Stephenson 1931) described enzymes capable of activating hydrogen in bacteria, and 
thosee enzymes became known as "hydrogenases". Just three years later, Farkas (Farkas 1934) 
demonstratedd that Escherichia coli cells catalyse an exchange reaction between hydrogen and 
deuteratedd water following the reaction scheme: 

H22 + D20<=> HD + H O D. 

Byy 1950, hydrogenases were found in rumen bacteria, methanogenic bacteria, sulphate 
reducers,, photosynthetic bacteria, anaerobic and aerobic hydrogen bacteria, and nitrogen-fixing 
bacteriaa (Gest 1954). A major breakthrough in hydrogenase research was achieved in the 
1950s,, when scientists obtained soluble preparations of hydrogenase from strict anaerobic 
bacteriaa such as Clostridia and Desulfovibria (Sadana 1956; Peck 1957). Using these 
preparations,, scientists in the early 1960s determined that iron-chelating agents inhibited their 
activity,, and that the activity was stimulated by the addition of Fe ions (but not by Mo, Cu, or 
Co).. These and other experiments indicated that Fe and SH-groups are required for enzyme 
activity.. This led to the hypothesis that the active site might be a {Fe-SH}  complex. The 1960s 
weree also marked with the discovery of ferredoxin and Fe-S clusters (like {2Fe-2S] and [4Fe-4S] 
clusters)) and a rapid developments in their studies (Fredricks 1965) (see (Beinert 1997) for 
review). . 

Inn the late 1960s scientists raised the question about a possible role of hydrogenases in the cell, 
sincee in some cases they found multiple hydrogenases in the same bacteria. Different types of 
hydrogenasess were defined according to their electron acceptor/donor {Tamiya 1966; Yagi 
1968;1968; Kidman 1969). 

I tt was not until the 1970s, that scientists discovered that different analogues of Fe-S clusters 
withh 1, 2 or 4 iron atoms could be synthesised (Holm 1975). That was a period, when the role 
off  Fe-S clusters in proteins was under intensive investigation. Researchers demonstrated that 
thee structure of a protein is also important for the insertion of Fe-S clusters, as the properties of 
clusterss in proteins were different from those of artificial ones. Since Fe-S clusters are mainly 
involvedd in electron transfer, which is one of the key actions of hydrogenase, a lot of studies of 
thee electron transport in biological systems were carried out by means of EPR and NM R 
(Schriefers(Schriefers 1968; Xavier 1978). 

Afterr the oil crisis of 1973, society considered hydrogenases as potential catalysts for the 
industriall  production of hydrogen. Al l that hydrogenases need to be able to produce hydrogen 
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iss a source of electrons and protons. These electrons can be obtained from natural photosystems 
orr from other enzymes via reduced co-enzymes. The possibility of the conversion of water into 
hydrogenn and oxygen by using the combination of a photosystem and hydrogenase was studied 
inn the late 1970s. However, inactivation of hydrogenases by oxygen and the instability of 
electronn carriers in the photosystems made this system very difficult to use in practice. A lot of 
workk was done in order to study the possibilities of stabilisation of hydrogenases, 
immobilisationn of the enzyme, optimising and monitoring such systems, but it was still far 
fromm practical applications (Pow 1979). 

Att the beginning of the 1980s, the {3Fe-4S] cluster and the Ni were found in hydrogenases 
(Friedrich(Friedrich 1981; Albracht 1982; Cammack 1982; Friedrich 1982; Krüger 1982; Moura 1982; 
KojimaKojima 1983), and in some Ni-containing hydrogenases scientists identified selenium {Teixeira 
1986;1986; Eidsness 1989; He 1989). In most cases the Ni atom appeared to be essential for 
hydrogenasee catalysis (Sugiura 1983). Studies of the properties of the Ni atom in hydrogenases 
togetherr with the synthesis of Ni model compounds initiated numerous theoretical studies on 
catalysiss by hydrogenases. Different mechanisms were proposed for the catalytic action of the 
hydrogenases,, most of them based mainly on changes of the Ni redox state (Sugiura 1983; van 
derder Zwaan 1985; van der Zwaan 1987; Cammack 1989). The 1980s were also marked by the 
beginningg of studies of Fe-S clusters using EPR and Mössbauer spectroscopy; these studies 
revealedd the presence of different types of Fe-S clusters in hydrogenases (Wang 1984; Albracht 
1985;1985; Cammack 1985; Teixeira 1985; Cammack 1987; Rumak 1987; Telser 1987). After 
researcherss had identified and characterised the most important non-protein components of 
hydrogenases,, serious research of their structure-function relationships began. 

2.. S T R U C T U RE OF H Y D R O G E N A S ES 

2.1 .C lasses s 

Thee earlier discoveries of Ni and Fe as the essential hydrogenase components, as well as some 
moree recent studies of hydrogenases in different types of bacteria, led to a classification of 
hydrogenases,, based on their transition-metal content. For quite some time, the scientific 
communityy believed that all hydrogenases were metallo-enzymes. In 1990, however, Thauer 
andd co-workers (Ma 1990) found a new hydrogenase in the methanogenic archaeon 
MetbanothermobacterMetbanothermobacter marburgensis. This enzyme catalyzes the reaction of its substrate, N*,N10-
methenyl-tetrahydromethanopterinn (methenyl-H4MPT) with hydrogen without aid of nickel 
orr iron-sulphur clusters. In other words, H2-forming methylene-tetrahydromethanopterin 
dehydrogenasee (Hmd) is zpurely organic hydrogenation catalyst. 

Mostt hydrogenases, though, do contain metal atoms. They are divided into two major groups: 
{NiFe}-hydrogenasess (for more detailed reviews see (Albracht 1994; Cammack 2001; Vignais 
20012001)),)), which contain Ni and Fe, and [Fe]-hydrogenases (for more detailed reviews see (Adams 
1990;1990; Cammack 2001)), which possess only Fe atoms. There are also hydrogenases, which have 
See as a ligand to Ni, and they are sometimes referred as a separate class, although they can be 
surelyy considered as a subclass of (NiFe}-hydrogenases. 

Anotherr possible classification of hydrogenases is based on their biological function: hydrogen-
production,, hydrogen-uptake, and bi-directional hydrogenases. This classification is not strict 
though,, because the direction of catalysis of a particular hydrogenase may depend on the 
energyy requirements of the cell (Tamagnini 2000; Maness 2001; Tamagnini 2002). 
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FigureFigure 1. Schematic representation of primary structures and prosthetic groups of the minimal functional 
modulesmodules from hydrogenases. The Ni-Fe centre is bound to the large subunit via CxxC motifs in the N - and C-
terminall  regions. The sequence between those conserved motifs is variable. Al l small subuni ts carry at least one 
[4Fe-4S]]  c luster, called the 'proximal clusrer'. In most cases addit ional clusters are present. They differ in rype 
andd coordinarion. Some [4Fe-4S] clusters have His residue as a l igand ([4Fe-4S]Hjs); in some orhers this Hi s is 
replacedd by Cys ([4Fe-4S]Cy5); a [4Fe-4S] cluster with the same b ind ing motif as 3Fe cluster, except for a Cys 
residuee replacing the conserved Pro ([4Fe-4S]cy!); a classical [4Fe-4S] clusrers are found in some cases ([4Fe-
4S]d) .. I n [Fe]-hydrogenases the min imal module consists of binuclear Fe-Fe centre l inked to [4Fe-4S] cluster. 
Togetherr they form a 6Fe cluster often referred as 'H-cluster' (adapred from (Cammack 2001)). 

2.2.. Pr imar y structur e and prosthet ic g roups 

Onn the basis of amino-acid sequence analyses of the hydrogen-activating subunit of all metal-
containingg hydrogenases, one can identify three distinct classes: [Fe]-hydrogenases, 
[NiFe(Se)]—hydrogenases,, and the hydrogenase component of the formate-hydrogen lysase 
complexx (Wu 1993). It is also possible that several domains in hydrogenases, like Fe-S cluster 
bindingg motifs, have been derived from common ancestors, and that the Ni-carrying (large) 
subunitss are the result of several gene fusions (Wu 1993). 

Thee class of [NiFe(Se)]-hydrogenases is the most extensively studied one; therefore a lot of 
structurall  information is available on the hydrogenases of this group. The majority of the 
[NiFe(Se)]-hydrogenasess consist of at least two subunits: a large subunit (a), which holds the 
activee site, and a small (P) subunit, containing at least one Fe-S cluster (Albracbt 1994). The 
largee subunit of [NiFeJ-hydrogenases contains two conserved CxxC motifs for the binding of 
thee active site (Ni and Fe) (Fig. 1). One of the conserved motifs is located in the N-terminal 
regionn of the amino-acid sequence and the other in the C-terminal region. The length of the 
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largee subunit sequence may vary, but both N- and C-terminal domain patterns are conserved 
(Vignais(Vignais 2001). 

Thee small (p) subunit of [NiFe]-hydrogenases carries at least one Fe-S cluster in its N-terminal 
part.. The size of the small subunit can be quite different and probably depends on the nature 
off  the hydrogenase's redox partner. Al l hydrogenases have at least one [4Fe-4S] cluster in a 
smalll  subunit and some can have additional ones, usually [3Fe-4S] or {4Fe-4S}  clusters. 
Additionally,, the [4Fe-4S] clusters can have coordination different from that of the classical 
cubanee structure {Albracht 2001). Some of them have His instead of Cys as ligand to one of the 
Fee atoms in cluster (see Fig.1). The small subunit in periplasmic {NiFe}-hydrogenases usually 
hass a signal sequence (about 30-50 amino acids in length) in the N-terminal region {Ford 
1990;1990; Menon 1994; Voordouw 2000) containing a twin-arginine element (-RRxFxK-). This 
sequencee is probably required for export of the enzyme to the periplasm (Vignais 2001). The 
absencee of this signal sequence usually points to a cytoplasmic location of hydrogenase. 

Inn their review of 1993, Wu and Mandrand (Wu 1993) have divided [NiFe]-hydrogenases into 
44 subclasses on the basis of the sequence alignment of two conserved regions in the large 
subunitt C- and N- termini: 1) membrane-associated respiratory uptake hydrogenases; 2) 
cytoplasmicc heterodimeric hydrogenases; 3) cytoplasmic heteromultimeric hydrogenases; 4) 
membrane-boundd H2-producing hydrogenases. 

Thee hydrogenases of the Group 1 are membrane-bound enzymes and they transfer the 
electronss from H2 to cytochromes, located in the membrane complex. They are usually dim eric 
enzymess and contain several Fe-S clusters, which are used to transfer electrons (Bianco 1992). 
Thee hydrogenases of the Group 2 are located in the cytoplasm and lack the signal peptide in 
thee small subunit. They have similar motifs for Fe-S cluster binding like hydrogenases of 
Groupp 1. The hydrogenases of Group 3 usually have extra subunits capable of binding soluble 
cofactorr like F420, NAD + , or NADP+ , and those hydrogenases most of the times rapidly 
functionn in both directions of the catalysis. 

Thee hydrogenase-3 from E. coli (a part of the formate-hydrogen lyase complex) is different 
fromm most other {NiFe]-hydrogenases, as deduced from primary-structure analysis. 
Apparently,, it has a different origin, and belongs to Group 4 in the classification of Wu and 
Mandrandd (Wu 1993). It represents a multi-component membrane-bound enzyme system. 
Thiss complex is attached to the inner side of the cytoplasmic membrane, and couples proton 
reductionn to the oxidation of formate. This complex contains seven different subunits. 

Anotherr member of Group 4 is a CO-induced hydrogenase from Rhodospirillum rubrum. Both £. 
colicoli hydrogenase-3 and R. rubrum CO-induced hydrogenase are very labile enzymes and their 
purificationn remains difficult in practice. The only enzyme of this group that has been purified 
recentlyy is the Ech (JE. coli like hydrogenase) from Methanosarcina barkeri. Tersteegen et al 
(Tersteegen(Tersteegen 1999) compared and summarised the sequence features of enzymes of Group 4. The 
smalll  subunit is significantly smaller, compared to other hydrogenases, and only contains a 
patternn for the binding of the proximal [4Fe-4S] cluster (see Fig. 1 and 2). The Ni-carrying 
subunitt has less sequence homology with other [NiFe(Se)}-hydrogenases, but shows higher 
similarityy with one of the subunits of NADH : ubiquinone oxidoreductase (Complex I). Al l 
hydrogenasess of Group 4 show remarkable sequence similarities with subunits of Complex I, in 
particularr with the membrane-bound subunits proposed to be involved in proton pumping 
(Fig.. 2). 
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MBH H 

R.R. eutropha. SH 

R.R. rubnim, CO-induced hydrogenase 
M.M. iartsri, Ech 

Complexx I 

FigureFigure 2. Schematic representation of homologous subunits in several {NiFe}-hydrogenases and Complex I. 
Onlyy the subunits expected to be involved in electron transfer, and the most essential ones involved in proton 
translocation,, are represented. (A): The [NiFe]-hydrogenase from D. gigas. (B): The soluble [NiFe]-hydrogenase 
(SH)) from R. eutropha. (C): The membrane-bound [NiFe]-hydrogenases from R. rubrum and M. barkers, receiving 
electronss from a ferredoxin (Fd). (D): Bovine Complex I. Sequence similarities between the subunits in the 
severall  enzymes are indicated by similar shapes (see (Albracht 2000) for details). The curved lines depict a 
membranee (adapted from {Albracht 2000)). 

2 .3.. ' Ion-pumping ' hydrogenases and Comp lex I 

Alreadyy some time ago Doddema et al (Doddema 1979) has proposed a proton translocation 
functionn for some hydrogenases of the Group 4, assuming that they combine the oxidation of 
hydrogenn with the accumulation of protons in the periplasm. The proton gradient is than used 
inn the cell to produce ATP energy equivalents. 

N A D H :: ubiquinone oxidoreductase (Complex I) is found in mitochondria and in cytoplasmic 
membraness of bacteria. The mitochondrial Complex I consists of at least 46 subunits, while the 
bacteriall  enzymes have minimally 13. Some membrane-bound [NiFe]-hydrogenases contain 
similarr prosthetic groups as the mitochondrial Complex I {Albracht 1997; Albracht 2000). (See 
Fig.. 2). The '49k' and 'PSST' (named after the first 4 amino acids in the sequence) subunits 
havee clear similarities with, respectively, the large and the small subunits of [NiFe]-
hydrogenasess (Albracht 1993). Recently it was identified that two of the trans-membrane 
subunitss of Complex I are homologous to two hydrophobic membrane subunits of the {NiFe} -
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hydrogenasess from M. thermoautotrophkum (Tersteegen 1999) and M. barkeri (Ech) (Meuer 1999). 
Hydrogenase-33 and —4 from E. coli {Andrews 1997) as well as the CO-inducible hydrogenase 
fromm R. rubrum (Fox 1996) display similar homologies. Recently Albracht and Hedderich 
{Albracht{Albracht 2000) proposed the involvement of those hydrogenases in energy conservation and 
ionn translocation across the membrane. 

Alsoo the TYKY-lik e subunit in the 'special' [NiFe]-hydrogenases might be involved in proton 
translocationn (Fig. 2). Numerous studies performed on this subunit in Complex I as well as 
sequence-comparisonn studies {Albracht 2000) have confirmed the possibility of such function. 
Sequencee studies reveal conserved Glu residues located within patterns for the binding of two 
[4Fe-4S]]  clusters {Albracht 2000). The proposed model for the proton-pump function is based 
onn the features in the primary structure and the studies of the redox properties of the Fe-S 
clusterr in the TYK Y subunit of Complex I {Albracht 2000). 

2.4.. X-ra y structures 

Upp to now, the structure of several different metal-containing hydrogenases was resolved. Key 
dataa on those structures are summarised in Table. 1. 

[NiFe]-hydragonase ,, D.gigas [Fe]-hydrogenaso , C. pesteuhanum 

FigureFigure 3. X-ray structures of{NiFe}-bydrogenasefrom D. gigas (Volbeda 1995) (left) and {Fej-hydrogenase 
fromfrom C. pasteurianum (Peters 1998) (right). The [NiFe]-hydrogenase has Ni-Fe bimetallic site buried in the 
largee subunit, and three different Fe-S clusters in the small subunit. The [Fe]-hydrogenase has one subunit only 
andd carries the 'H-cluster' and several Fe-S clusters. Cylindrical arrows indicate a-helixes and flat arrows 
indicatee P-sheets in secondary structure. Spheres represent metal atoms (Ni or Fe). 

Thee first X-ray structure was solved in 1995 for [NiFe}—hydrogenase from D. gigas (Volbeda 
1995)1995) (see Fig. 3, left and Fig. 4). This structure is used often as a prototype for other [NiFe} -
hydrogenases,, including MBH hydrogenase from Allochromatium vinosum (van Heerikhuizen 
1981).1981). The D.gigas [NiFe}-hydrogenase is a hetero-dimer with a diameter of about 60 A (Fig. 
4).. The large subunit carries the active site, which is buried inside of the protein at a distance of 
aboutt 30 A from the surface. The small subunit is composed of two domains. The N-terminal 
domainn shows the characteristic architecture of a flavodoxin fold with the phosphate-binding 
moietyy of FMN, and carries four Cys residues binding the proximal [4Fe-4S] cluster (Volbeda 
1995).1995). The N-terminal domain with the proximal cluster is found in all [NiFe]-hydrogenases 
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andd it is most likely essential for the structure and the function of hydrogenases (Fig. 1, 2). The 
proximall  cluster is located at 13 A from the active site and it is potentially the first key actor in 
thee electron transfer to an external acceptor. The structure of the C-terminal domain of the 
smalll  subunit is more variable as indicated by the difference in the primary structure between 
hydrogenases.. The D.gigas hydrogenase has two extra clusters: a {3Fe-4S] and a [4Fe-4S] 
cluster(Fig.. 4). All three clusters are located almost along a straight line at a distance of 12 A 
fromm each other. It is interesting that the active site and two of the Fe-S clusters are located 
closee to the interface of the two subunits. Some 20-25 side chains of the large subunit anchor it 
too the small. 

TableTable 1. The know» structures of metal-containing hydrogenases. [NiFe]: [NiFe}-hydrogenase; [Fe}: [Fe}-
hydrogenase;; [NiFeSe]: [NiFe}-hydrogenase with Se as a ligand to Ni ; ready: oxidised form, which can be 
activatedd with H2 within minutes; unready: needs prolonged incubation with H2 to get active; active: active 
form m 

Namee of organism 

DesulfovibrioDesulfovibrio gigas 

DesulfovibrioDesulfovibrio vulgaris 
Miyazakii  F 

DesulfovibrioDesulfovibrio desulfuricans 

DesulfovibrioDesulfovibrio fructosovorans 

DesulfomtcrobtumDesulfomtcrobtum baculatum 

ClostridiumClostridium pasteurianum 

DesulfovibrioDesulfovibrio desulfuricans 

Type/State e 

[NiFe]/unready y 

[NiFe}/unready y 

[NiFe]/active e 

[NiFe]/ready y 

[NiFe]/active e 

CNiFe]/CO O 
inhibited d 

[NiFe}/unready y 

[NiFe]/unready y 

[NiFe}/unready y 

[NiFeSe]/active e 

[Fe]/oxidised? ? 

{Fe]/COO inhibited 

[Fe}/COO inhibited 

[Fe]/mixed d 

[Fe]/reduced d 

[Fe]/complexx with 
cytochromee c„ 3 

PDBB code1 

1FRV V 

2FRV V 

— — 

1H2A A 

1H2R R 

— — 

1E3D D 

1FRF F 

— — 

1CC1 1 

1FEH H 

1C4A A 

1C4C C 

1HFE E 

— — 

1E08 8 

'PD133 code: Protein Data Bank file name, see: http://www.rcsb.orf; 2RPS. 

Method d 

X-ray y 

X-ray y 

X-ray y 

X-ray y 

X-ray y 

X-ray y 

X-ray y 

X-ray y 

X-ray y 

X-ray y 

X-ray y 

X-ray y 

X-ray y 

X-ray y 

X-ray y 

NMR R 

resolution n 

Res.2 2 

(A) ) 

2.8 8 

2.5 5 

2.7 7 

1.8 8 

1.4 4 

1.2 2 

1.8 8 

2.7 7 

1.8 8 

2.2 2 

1.8 8 

2.4 4 

2.4 4 

1.6 6 

1.9 9 

5Ref.:: reference 

Ref.3 3 

(Volbeda(Volbeda 1995) 

(Volbeda(Volbeda 1996) 

(Garcin(Garcin 1998) 

(Higuchi(Higuchi 1997) 

(Higuchi(Higuchi 1999) 

{Ogata{Ogata 2002) 

(Matias2001) (Matias2001) 

(Montet(Montet 1997) 

(Montet(Montet 1998) 

(Garcin(Garcin 1999) 

(Peters(Peters 1998) 

(Lemon(Lemon 1999) 

(Lemon(Lemon 1999) 

(Nicolet(Nicolet 1999) 

(Nicolet(Nicolet 2001) 

(Morelli(Morelli  2000) 

http://www.rcsb.orf


2.4.1.. The active site 

Inn both classes of metal-containing hydrogenases, the active site is a bimetallic metal centre 
(Fig.. 5). Both of the irons in the Fe-Fe active site as well as the Fe in the Ni-Fe site have 
unusuall  inorganic ligands: one CO and two CN". 

Inn inactive forms of [NiFe}-hydrogenases, a bridging position between two metal centres is 
occupiedd either by oxygen species (van der Zwaan 1990; Carepo 2002) (in the form of OH" or 
H 20 ),, a sulphur species {Higuchi 1999; Mafias 2001), or in case of {Te]-hydrogenases, where a 
COO molecule ('bridging CO') holds the bridging position. 

FigureFigure 4. Overview of the key elements in the X-ray structure of the {NiFej-hydrogenase from D. gigas. 
Ribbonss and arrows represent a-helices and P -strands, respectively. The large subunit carries the Ni-Fe active 
sitee (enlarged in the top part). The small subunit carries three Fe-S clusters. Single dark spheres indicate Xe 
atomss from diffusion studies with the analogous hydrogenase from D.fructosovorans. Those atoms fil l the 
hydrophobicc channels connecting the surface with the active site (Montet 1997). In the most oxidized state of 
D.gigasD.gigas hydrogenase, there is a bridging ligand 'X' attributed to an O2" or an OH species. The vacant Y-site is a 
potentiall  place for hydrogen binding (taken from (Cammack 2001) with permission). 

Thee catalytic site of the [NiFe]-hydrogenases is located in the centre of the protein, where one 
Nii  and one Fe atom constitute the bimetallic active centre, linked to the protein core by means 
off  four Cys residues. In the oxidized form of [NiFe]-hydrogenase from D.gigas the Ni atom has 
aa distorted square-pyramidal ligand environment with one vacant axial position. At the same 
time,, the Fe atom has six ligands in a distorted octahedral configuration. Three of those ligands 
weree identified by combining the results of X-ray data analysis (Volbeda 1995; Volbeda 1996) 
andd FTIR spectroscopic studies (Bagley 1995; Happe 1997). They are two CN" ligands and one 
COO molecule, all having stretching vibrations in 2100-1850 c m' region. The assignment of 
thee positions of those ligands in the crystal structure is based on hydrogen bonding properties 
off  ligands and analysis of changes in IR spectra upon oxidation/reduction, which allow 
determiningg the angle between two CN- ligands. Generally, CN" group most likely acts as a 
hydrogenn bond acceptor and hydrophobic residues surround the liganding CO. In D. vulgaris 
{NiFe]-hydrogenasee (Higuchi 1997), the iron was modelled with two CO and one SO molecule 
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andd an additional sulphur bridging ligand. In all active, reduced forms of hydrogenases no 
significantt electron density was found in the bridging position. It is difficul t to detect hydride 
att 1.4 A resolution. Distances between metals in active site are different for reduced and 
oxidisedd forms. For [NiFe}-hydrogenases these values were found to be around 2.9 A for 
oxidisedd and 2.6 A for reduced enzymes (Garcin 1999; Gu 2003). 

(A) ) 

XX (only i i inactiv e forms) =  HiO or OH 

(B) ) 

[Fe4S4: : 

XX = CO or HsO 
YY (onl y in inactiv e forms ) = = CO or OH 

FigureFigure 5. The structure of the active site o/{NiFe}-hydrogenases (A) and {Fe}-hydrogenases (B). Both 
structuress are based on the data of X-ray studies and spectroscopic and chemical evidence of different groups in 
thee active site. Both structures have Fe(COXCN) motif. The bridging ligand 'X' in the Ni-Fe site is present in 
inactivee forms of hydrogenases and has to be removed for hydrogenase to become active. In [Fe}-hydrogenase 
onee of the Fe atoms is linked to the Fe-S cluster via the S atom of a Cys residue. Together they form so-called 
'H-cluster'. . 

Thee core of the active site of [Fe]-hydrogenase consists of two Fe atoms bridged by CO and 
smalll  non-protein molecule, originally considered to be 1, 3- propanedithiol (two sulphur 
atomss act as bridging ligands) (Fig. 5) (Peters 1998; Nicolet 1999; Nicolet 2001). Each Fe atom 
hass one CN- and one CO as a ligand (Pierik 1998; Alhracht 2001). Originally, Hagen et al 
(Hagen(Hagen 19S6)proposed that the active site was a novel 6Fe cluster, but Rusnak et al (Rusnak 
1987)1987) concluded that the so-called 'H cluster' was a novel 3Fe cluster. Later it appeared that 
Rusnakk and co-workers had overestimated the protein content by 200% (Adams 1989). In 
realityy after obtaining the information from the crystal structures this cluster appeared to be a 
combinationn of a bimetallic Fe-Fe site and a classical [4Fe-4S] cluster. The Fe-Fe site is linked 
viaa one Cys residue to the protein; it serves as a bridge between one of the Fe atoms of 
bimetallicc site (Fel) and one of the Fe of the Fe-S cluster. Fel has 6 ligands in a distorted 
octahedrall  conformation, while Fe2 atom has 5 ligands and one ligand position free or 
occupiedd by an oxygen species. 
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Thee Fe2 atom most likely can bind hydrogen. The structure of [Fe}-hydrogenases with an 
externall  CO bound to the active site supports this idea {Lemon 1999). 

2.4.2.. Access to the active site 

DihydrogenDihydrogen transfer. Provided that the active site is located inside the protein, several 
pathwayss have been proposed for the transfer of H2 from its surface to the active centre. 
Parallelss were also made with the way CO interacts with myoglobin (Srajer 1991; Brunori 
1999;1999; Brunori 2000). So far, spectroscopic and computer methods helped a lot to understand 
thee interactions of gas molecules with proteins. There are two directions in studying these 
processes:: (i) using time-resolved spectroscopic measurements (IR), (ii ) using dynamic X-ray 
crystallographyy and monitoring fluctuations in protein conformation in time. According to an 
oldd theory of gas transfer to the active site, it occurs by means of diffusion through the protein 
moleculee (Cammack 1995). In case of hydrogenases this theory can be hardly applied, as the 
ratee of hydrogen transfer according to kinetic studies is very fast {Pershad 1999). This 
observationn stimulated the search for alternative defined pathways of H2 transfer in the metal-
containingg hydrogenases. 

Activee site Mg-site 

FigureFigure 6. The environment of the active site of {NiFej-hydrogenase from D.gigas. The [4Fe-4S] proximal 
clusterr is involved in electron transfer. One of the possible pathways of H+ transfer involves Glul8 and Glu46 
andd the water molecules (grey spheres) and is indicated by the dashed line. The hydrophobic channel serves 
potentiallyy for hydrogen transfer and is shown as a grid at the bottom-left. This channel points to the Ni atom 
inn the active site, (taken from (Cammack 2001) with permission). 

Thee analysis of the X-ray structure of [NiFe]-hydrogenase from D.gigas has revealed the 
presencee of several channels connecting the ptotein surface with the active site (Montet 1997). 
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Hydrophobicc amino-acid residues form these channels, which all meet at the same location 
nearr the active site, pointing to the Ni centre (Fig. 6). Nevertheless, to be functional these 
channelss have to be much bigger than they are in the X-ray structure (diameter of hydrogen 
moleculee is about 0.1 nm). This means that the protein flexibility  (fluctuations in protein 
conformation)) is required for functioning of the channels. These channels are conserved in all 
resolvedd structures of [NiFe] - hydrogenases. In addition, it is assumed that the solubility of 
hydrogenn in the protein globule is higher than in solution, and that this can contribute to the 
catalysiss as well. 

Too investigate these channels in more detail, Montet et al (Montet 1997) tested xenon binding 
inn crystallographic experiments. Xenon is a convenient study tool due to its ability to interact 
withh a protein and at the same time its relative simplicity of detection in crystal structures. The 
experimentss were performed using {NiFe}-hydrogenase from D. fructosovorans. The analysis of 
Fourierr Electron Density maps revealed Xe binding sites in the structure. Al l those sites were 
alsoo predicted in the structure of D.gigas [NiFe)-hydrogenase (Fig. 4), which has about 64% 
sequencee homology with hydrogenase from D. fructosovorans. 

Inn Xe- and H2-diffusion simulations using molecular dynamics, Xe atoms were unable to 
diffusee through those channels due to their bigger size, while H2 molecules were able to reach 
thee active site {Montet 1997). According to the same calculations, the diffusion of H2 to the 
activee site probably occurs through defined channels and not randomly. Those channels may 
alsoo serve additionally as gas storage sites. 

ProtonProton transfer. I t is generally assumed, that protons are transferred inside proteins by means 
off  rotational movements of the side chains of certain amino acids. Protons can also tunnel from 
onee site to another over very short distances (less than 0.1 nm). The studies of the X-ray 
structuress of hydrogenases led to proposals of different pathways involving Glu, Asp, His, and 
waterr molecules. The motion of groups involved in proton transfer is very rapid (nanosecond 
timescale),, indicating that proton transfer from/to the active site should not be the limiting 
stepp of the catalytic reaction. 

Afterr the analysis of the crystal structure Volbeda et al {Volbeda 1995) proposed a proton 
transferr pathway for [NiFe}-hydrogenase from D.gigas. The pathway includes acidic amino-
acidd residues, and water molecules (Fig. 6). In most of the (NiFe)-hydrogenases such a pathway 
iss conserved as judged from the amino-acid sequences {Volbeda 1995). Moreover, a conserved 
Gluu residue forms a hydrogen bond with a terminal Cys ligand to Ni (Glu 18). This Glu 18 is 
probablyy the beginning of the H + transfer pathway from the active site to the surface {Volbeda 
1995).1995). The chain of amino acids and water molecules lead to the conserved Glu46, which 
togetherr with water molecules form the coordination of the Mg/Fe site. Coordinated to the 
metall  ion, water molecules within the protein can significantly change their pKa value. This 
mightt be the actual role of the Mg atom in the proton transfer as was proposed for the [NiFe]-
hydrogenasee from D. vulgaris {Higucbi 1997). 

Att the same time one should distinguish between proton transfer from/to the active site and 
proton-transferr channels that exist in some of other energy-conserving enzymes like Complex I 
{Weidner{Weidner 1993; Lei/'1995; Albracht 2000; Friedrich 2001). They are involved into proton 
translocationn across a membrane, and are usually squeezed between alpha helices of the trans-
membranee subunks. The helices have a hydrophobic nature and can dramatically change the 
propertiess of water molecules incorporated inside of them. 



19 9 

Iron-sulphurIron-sulphur clusters and electron transfer. The arrangement of the Fe-S clusters in the 
hydrogenasess and their spectroscopic and electrochemical properties (van der Zwaan 1985; 
CammackCammack 1986; Coremans 1992; Pierik 1992; franco 1993) gave the idea that they serve as an 
electron-transferr wire between the surface from the electron donor/acceptor and the active site 
off  the hydrogenase. It was shown previously, that electrons can be effectively transferred over 
distancess up to 14 A in other redox proteins (Page 1999). Transfer over longer distances always 
involvess a chain of cofactors. The protein core serves generally as an insulator between Fe-S 
clusterss and the environment outside the protein. The proximal cluster in [NiFe]-hydrogenases 
(Fig.. 6) can easily exchange electrons with the active site, while the distal cluster probably 
mediatess electron exchange between hydrogenase and its functional redox partners. 

Thee X-ray structure of the {NiFe}-hydrogenase from D.gigas revealed two {4Fe-4S] clusters 
andd one [3Fe-4S] cluster. The possible role of the [3Fe-4S] cluster in [NiFe}-hydrogenases is 
nott yet clearly understood. Using mutation of Pro into Cys in [NiFe}-hydrogenase from D. 
fructosovorans,fructosovorans, the {3Fe-4S}  cluster was converted to a [4Fe-4S] form (Rousset 1998). The 
modifiedd enzyme was much more sensitive towards oxygen, but did not show any increase in 
thee electron transfer rate. The later was probably caused by the fact, that electron transfer 
betweenn the protein and the redox dyes is always the rate-limiting step (Pershad 1999). In some 
hydrogenases,, a classical {4Fe-4S] cluster replaces the medial [3Fe-4S] cluster (Fig. 1). The 
coordinationn of Fe-S clusters can also be different (Fig. 1): some of them have a different 
environmentt and therefore show different redox properties. In {NiFe}-hydrogenase from D. 
gigasgigas the distal [4Fe-4S}  cluster has a His ligand (Fig. 4), which potentially interacts with its 
redoxx partner - cytochromê  (Volbeda 1995). The artificial electron acceptors/donors (likeMV , 
BV,, or MB) can interact at different sites of a hydrogenase, as they are not specific for 
hydrogenasee molecules. 

Thee dielectric constant is usually assumed to be low inside of a protein. Both, the oxidised 
activee site (Ni3+) and the Fe-S clusters as well seem to need a proton upon reduction to 
compensatee for the change in charge density (Cammack 1987). The potential proton-transfer 
channell  is located close to the proximal cluster in [NiFe]-hydrogenases, providing an 
opportunityy for synchronous electron and proton transfer from the active site to the proximal 
cluster.. In proton pumping hydrogenases, which have high homology with NADH:ubiquinone 
oxidoreductases,, proton channels are important features (Luecke 1999), and play an important 
rolee in the energy-conservation mechanism. 

3.. S P E C T R O S C O P IC A N D ELECTROCHEMICAL P R O P E R T I ES OF [ N I F E ] - H Y D R O G E N A S ES 

3 .1.. EPR: Ni i n t he act ive si te, sp in -sp in in te rac t ions 

Thee EPR method has allowed identifying Ni as an important component of some 
hydrogenases.. In 1982 using the EPR method on a 61Ni-enriched enzyme preparation, 
Albrachtt et al (Albracht 1982) observed a 4-fold hyperfine splitting of the rhombic Ni signal. 
Theree are two inactive and one active form of the active site where Ni shows characteristic EPR 
spectra:: Ni-A and Ni-B in inactive enzyme, and Ni-C in the active enzyme. 

Inactivee forms of [NiFeJ-hydrogenases show two different EPR signals of the Ni, which were 
attributedd to the 'ready form' (Nir* , also often referred as Ni-B) withg =2 .33, 2.16, 2.02 
andd the 'unready form' (Niu* , or Ni-A ) w i t h ^ 2 = 2.32, 2.23, 2.02 (Fig. 7, A and B). The 
namess of these states reflect the ability of the enzyme to react with hydrogen. Usually the Ni 
centree and the [3Fe-4S]1+ cluster do not show any interactions in EPR spectra. This is 
understandable,, taking into account the information from the crystal structure, where the Ni -
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Fee centre and the {3Fe-4S}  cluster separated by about 24 A. Usually the interaction between 
magneticc centres is not observed on distances larger than 15 A (Hirsh 1992). Yet in the 
oxidisedd form of the A. vinosum hydrogenase, the Ni centre and the [3Fe-4S}1 + cluster do 
interactt with each other (Albracbt 1984; Cammack 1986; Surerus 1994), and this fact is reflected 
inn the EPR spectra. These changes were originally ascribed to the spin-spin interactions 
betweenn Ni and unidentified paramagnet with a midpoint potential of + 1 50 mV, but are not 
yett clearly understood. 

1.8 8 

gg valu e 

FigureFigure 7. Overview of the EPR signals of the active site of {NiFe}-hydrogenase from A. vinosum. From top to 
bottom:: the Niu*  signal measured at 60 K; Nir*  signal measured at 60 K; Ni,-C*  signal measured at 23 K; the 
Nia-C**  signal measured at 4.2 K, split by interaction with the reduced proximal cluster; the Ni*-CO form 
measuredd at 23 K; the Ni*-CO signal split by the reduced proximal cluster at 4.2 K; the light induced Nia-L* 
signall  measured at 23 K; the split form of the Ni,-L*  signal measured at 4.2 K. {Adaptedfrom]. W. van der 
Zwaan,Zwaan, PhD thesis, Amsterdam, 1987) 

Decreasee of the redox potential to about -100 mV (at pH 7) leads to disappearance of both 
'ready'' and 'unready' signals in hydrogenase samples. Below —250 mV, another Ni EPR-signal 
appears,, named Nia-C*  (g = 2 . 2 1, 2.11, 2.01) (Fig. 7). Nia-C*  is normally generated when 
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hydrogenn is present (Cammack 1989). Even if hydrogen is completely removed from the system, 
thee Ni a-C*  signal can be stable for hours in an anaerobic environment. If redox dyes are 
presentt it disappears and an EPR silent state is predominantly generated (van der Zwaan 1985; 
RobertsRoberts 1994). In 1985 van der Zwaan et al {van der Zwaan 1985) proposed that the Nia-C* 
statee contains a water-exchangeable hydrogen species (most probably in the form of hydride) 
boundd to the active site. This conclusion was made based on isotope-exchange experiments in 
H 2 00 and in D 2 0 (van der Zwaan 1985) and the light-sensitivity of the Nij-C*  signal. Upon 
illuminationn of the Nia-C*  state at temperatures below 77 K (liquid nitrogen temperature), a 
neww signal appeared which was called Nia-L*  (light generated EPR signal; ^ ^ = 2.29(2.27), 
2.13,2.05). . 

Ass mentioned earlier, the combination of the Ni-Fe centre with the proximal Fe-S cluster 
representss a minimal functional unit of hydrogenases. Therefore, it is of great interest to study 
thee EPR properties of that system by analysing their spin-spin interactions. When the [4Fe-4S] 
centress of the enzyme are reduced, the proximal [4Fe-4S}l + cluster interacts magnetically with 
thee Ni centre, which leads to complex split Nia-C*  or Nia-L*  EPR spectra, only detectable 
beloww 10 K. (Fig. 7, spectrum D and H). 

Thee Ni a-C*  signal reaches its maximal intensity at about -360 mV, and upon further decrease 
off  the redox potential it disappears. Extensive studies have shown that Nia-C*  state is more 
likelyy to represent a trivalent nickel rather than monovalent (Jacobson 1982; Teixeira 1983; 
HappeHappe 1999). This conclusion is based on the redox properties of different states of the active 
sitee (see table 2 for redox properties of different forms) and comparison with model compounds 
(seee further in this chapter). 

3.2.. E N D O R spec t roscopy 

ENDORR (Electron Nuclear Double Resonance) spectroscopy helps to cover the gap in the data 
availablee from X-ray methods, which allow identifying 'heavier' atoms, and the distribution of 
'smaller'' components like electrons, protons, and dihydrogen molecules. ENDOR spectroscopy 
iss orientation selective (Fig. 8) and spectral analysis can be performed with crystals, as well as 
withh 'powder-like' spectra. Various forms of information can be obtained from those spectra, 
includingg the orientation of the g-tensor matrix in the protein, and the distribution of the spin 
densityy in space. 

Onee of the recent studies helped answering some of the crucial questions about the active site 
structuree of the [NiFe}-hydrogenase from A. vinosum (Gessner 1999). This study was 
concentratedd on the electronic structure of the hydrogenase in the 'ready' form. 'Single-crystal 
type'' ENDOR experiments revealed the delocalisation of electron density from the Ni atom to 
surroundingg sulphur atoms of Cys residues (Gessner 1999). This appears to be in agreement 
withh recent DFT calculations (see further in this chapter). Recent ENDOR studies with the 
D.gigasD.gigas [NiFe]-hydrogenase revealed that the bridging oxygen-containing ligand is present in 
thee ready and unready states and is not solvent exchangeable, at least not in the Ni u*  state 
(Carepo(Carepo 2002). The exact nature of the bridging ligand still needs to be determined. It is 
commonlyy assumed that the enzyme cannot react with hydrogen unless this ligand is removed. 

Anotherr question arising from EPR measurements on the Ni-Fe centre is what is the redox 
statee of the Fe atom. The discovery of spin-spin interaction in hydrogenases led to intensive 
studiess of Ni-Fe centres to find out if the known EPR spectra of the active site arise from the 
Nii  centre or from an exchange coupling between both metal atoms (Dole 1997). Ultimately, it 
wass concluded that the Fe atom in the active site stays in low-spin (II ) state in oxidised as well 
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ass in active enzyme. Later this was confirmed by a 57Fe ENDOR study of hydrogenase from 
D.gigasD.gigas {Huyett 1997), showing no significant interaction between Ni and Fe atoms in the EPR 
activee states. 

FigureFigure 8. Stereo views for two different perspectives of the orientation of the g-tensor of the Nir*  in the crystal 
frame.frame. The data was obtained ftom the single crystal EPR studies of the Niu*  and Ni r*  forms of the [NiFe]-
hydrogenasee from D. vulgaris Miyazaki F by continuous wave- and pulsed-EPR spectroscopy. The g, principal 
axiss is close to the Ni-S (Cys549) direction, the gx and gy axes are pointing in the direction of Ni-S (Cys546) and 
Ni-S(Cys81)) respectively. The orientation of the -tensor of Niu*  is not significantly different from that for Nir* 
andd is therefore not shown (taken with permission from (Trofanchuk 2000)) 

Ass mentioned earlier, the Ni ion shows an EPR signal in the active enzyme form: the Nia-C* 
signal.. Hydrogen was proposed to bind to the Nia-C*  state and to be responsible for its 
properties.. ENDOR experiments confirmed that the conversion of the dark-adapted Nia-
C*formm into Nia-L*  is accomplished with clear changes in hyperfine interactions. Those 
interactionss disappear upon illumination of the Nia-C*  form {Whitehead 1993). This process is 
reversiblee and demonstrates that the H2 species bind to the active site presumably as a hydride 
withh a nearby bound proton. Recent studies performed by Foerster et al (Foerster 2003) have 
provedd this hypothesis. 



3.3.. XA S spec t roscopy 

Thee analysis of X-ray absorption spectra (XAS) can provide useful information about the redox 
statee of the Ni in the active site, as well as its coordination number and geometry. The 
spectrumm arises from the absorption of ionising radiation near an absorption edge. The edge is 
thee abrupt absorption that occurs when a core electron is removed from the element of 
interest.. Thus, the K-edge corresponds to the loss of a Is electron, an L-edge from the loss of a 
2pp electron, etc. The XAS technique allows studying all redox states of Ni, including its EPR 
silentt states. The method does require, though, the enzyme present for more than 80% in one 
particularr state. Although, this can be sometimes a difficult issue with hydrogenases, most of 
thee times it is possible to obtain homogenous samples. 

Formm A 

Energyy (eV) 

r(A) ) 

FigureFigure 9. Overview of the XAS spectra (left panel) and EXAFS features (right panel) of A. vinosum 
hydrogenasehydrogenase in different (redox) states. Form A (Niu*) , Form B(Ni,*), SIU (Ni„-S), Form C (Ni,-C*), Form L 
(Ni,-L*) ,, R (Ni,-SR), and SI-CO (Ni.-S-CO). (taken with petmission from (Davidson 2000)). 

Thee K-edge energy of a Ni atom is 8333 eV and in Ni2+-coordination compounds, it shifts to 
aboutt 8340 eV, reflecting the fact that the Ni atom is already partly ionised and it is more 
difficul tt to ionise it further. Generally, a 2-3 eV change in K-edge energy is expected for a one-
electronn change of a Ni atom. At the same time, the change in ligand environment usually 
leadss only to small changes in K-edge energy (—0.5 eV/ligand) (Colpas 1991). The number of 
ligandss and their symmetry can be analysed using XANES features (X-ray absorption near 
edgee structure), arising from spin-forbidden electron transitions like Is—> 3d in case of K-
edgee spectra. The frequency analysis of the EXAFS (extended X-ray absorption spectroscopy) 
spectraa can provide information about the ligand nature (atomic number of the coordinating 
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atoms)) and metal-ligand distances. Unfottunately, using EXAFS it is difficult to distinguish 
betweenn two atoms with close atomic numbers (Gu 1996). 

Thee examination of nickel K-edge spectra from the samples of {NiFe]-hydrogenases revealed 
onlyy a small shift in edge energy ( ~1 eV) between the most oxidised (Ni r*  and Niu* ) forms 
andd most reduced ones (Fig. 9) (Bagyinka 1993; Davidson 2000). Together with a lack of 
changess in the ligand environment, it rules out the possibility of Ni 3+ to Ni 1+ changes in 
differentt redox states, and confirms the Ni 3+/Ni 2+ transition during oxidation-reduction 
processess in the enzyme. 

Nickell  K-edge XANES (X-ray absorption near edge structure) spectra of {NiFe}-hydrogenases 
neverr show a Is—> 4pz transition, proving that the planar Ni coordination is not observed in 
anyy of the redox states (Gu 1996). Also the conversion of the Nia-C*  state to the Nia-L*  state 
wass not accompanied by any changes in XANES spectra and therefore indicate that the 
coordination/environmentt of the Ni atom is not affected by this transformation (Whitehead 
1993).1993). The intensity of the Is—>3d transition in EXAFS spectra correlates with a 5 or 6-
coordinatedd Ni atom (Gu 1996), which might be related to a release of the bridging ligand 
uponn reduction of the enzyme. This ligand is thought to be the oxygen-containing species 
foundd by EPR, ENDOR, and EXAFS spectroscopy in the Ni r* , Niu* , and Niu-S forms (van der 
ZwaanZwaan 1990; Davidson 2000; Bleijlevens 2001; Carepo 2002) with a Ni-O bond length of 1.9 A. 
Similarr experiments with the hydrogenase from T. roseopersicina did not reveal any changes in 
Nii  coordination and it was predicted to be 6-coordinated in all forms (Bagyinka 1993). At the 
samee t ime R. eutropha soluble hydrogenase reveals a change in Ni coordination upon reduction, 
whichh was not seen in other hydrogenases (Muller 1995; Gu 1996). 

21500 2100 20500 2000 1950 
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FigureFigure 10. Examples ofFTIR spectra of A.vinosum {NiFe}-hydrogenase. From top to bottom: Nir*  obtained 
byy reoxidation in air of fully reduced enzyme at pH 8; Ni„-S obtained at pH 8 obtained by exposing of the H2-
reducedd enzyme to an atmosphere of argon for 18 hours; the Nia-C*  state obtained by incubation under 1% 
hydrogenn at pH 8; the Ni,-SR state under 1 bar of H2 at pH 8. 
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3.4.. FTI R spectroscopy: Fe(CN)2CO in the active site 

Duringg FTIR studies of the inhibition of [NiFe}-hydrogenase from A. vinosum with CO, in 
additionn to the expected absorption band from the inhibitory CO, three more absorption bands 
weree observed in the IR region between 2100 cm"' and 1850 cm"1. Molecules with triple bonds 
usuallyy absorb IR radiation in this spectral region (Bagley 1994). The use of  13CO allowed to 
assignn the band from the external inhibitory CO molecule, which was located in FTIR spectra 
att 2060 cm"1 The bound CO could be photolysed at low temperatures ( < 20 K) with loss of the 
20600 cm"1 absorption band (Bagley 1994). Bagley et al also have demonstrated that the 
oxidisedd hydrogenase has tree absorption bands in the same IR region: one intense and two 
withh lower intensity (Bagley 1994). Later studies showed that those peaks were changing its 
positionn in FTIR spectra upon redox state changes of hydrogenase (Bagley 1995) (some of 
exampless are shown on Fig. 10). 
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FigureFigure 11. Overview of different redox states of the active site of A. vinosum hydrogenase. Bold lines indicate 
C.O-peakk positions in the spectrum, two thin lines in the 2100-2000 cm" originate from symmetric and anti-
symmetricc stretching frequencies of two coupled CN" vibrations. The band arising from the exogenously-bound 
COO (at 2060 cm"1) is also located in this region in the spectrum, (adapted from (Bagley 1995)) 

Afterr the resolution of the structure of [NiFe]-hydrogenase from D.gigas (Volbeda 1995) and 
thee identification of three non-protein ligands to the Fe atom, the hydrogenase research 
communityy began to understand the origin of the absorption bands in the 2100-1850 cm"1 

spectrall  region. Using chemical analysis of CO and CN" and growth experiments with 13C and 
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15NN isotopes those ligands were identified as two CN and one CO molecules (Happe 1997; 
PierikPierik 1999). 

Givenn that Fe in the active site of [NiFe]-hydrogenases is always present in the low-spin (II ) 
state,, FTIR becomes one of the most efficient methods for studying the changes of the iron 
site.. In short, the CO-stretching frequency, and to some extent also the CN-stretching 
frequency,, are sensitive to changes in the electron density on the Fe atom in both EPR-
detectable,, and in silent states. Upon any change of the coordination and environment of the 
activee site, the CO peak tends to shift in FTIR spectra (see Fig. 11 for an overview of FTIR 
propertiess of different states of the A.vtnosum hydrogenase). 

3 .5.. T h e redox states of Fe-S clusters: comb ined EPR and Mössbauer 
spec t roscopy y 

EPRR and Mössbauer methods were successfully used for quite a long time to characterise Fe-S 
clusterss in the [NiFe]-hydrogenases. Fe-S clusters in hydrogenases may exist in a variety of 
oxidationn states: [3Fe-4SJ1+/0, [4Fe-4S}2+/1+or [4Fe-4S]3+/2+ (in HiPIPs, but not in 
hydrogenases).. Although formally the changes in charge may be considered to occur at the Fe 
atoms,, in reality there is considerable electron delocalisation over the [3Fe-4S] and {4Fe-4S] 
clusterss (via super-exchanging sulphide bridges).The magnetic features of Fe-S clusters are very 
sensitivee to structural and environmental factors. Hydrogenase from D. desulfuricans was the 
firstfirst to be characterised by Mössbauer spectroscopy (Krüger 1982). Lots of studies were later 
carriedd out on other hydrogenases, including hydrogenase from D.gigas (Huynh 1987; Teixeira 
1989).1989). This hydrogenase was studied by combining EPR and Mössbauer spectroscopies, and 
redoxx titrations. 

Thee most oxidised state showed only an EPR signal of the [3Fe-4S]+ cluster with g=2.02. At 
lowerr redox potentials (0 mV) the {3Fe-4S}+ cluster was reduced. The EPR signal of the [3Fe-
4S}°° cluster can be seen in t h e g= 12 region and originates from the S=2 state. Upon further 
reductionn the signal at g— 12 disappears, and another extremely broad signal appears in the 
gg — 2 region, which is attributed to the two {4Fe-4S]1+ clusters (Cammack 1982). Those clusters 
aree indistinguishable in EPR spectra. The change in t h e g= 12 signal was attributed to a 
magneticc interaction of the {3Fe-4S}° with the [4Fe-4S}+ clusters. This causes the broadening 
off  the signals from the 4Fe clusters. The redox titrations, in combination with EPR and 
Mössbauerr methods, showed that the [3Fe-4S}  cluster has a potential of—70 mV and the two 
{4Fe-4S}}  clusters have potentials of—290 and —340 mV for distal and proximal clusters, 
respectivelyy {Roberts 1994). 

3.6.. Overv iew of the redox states of the active site 

Mostt hydrogenases have several different states of the inactive and active forms of the enzyme 
(Fig.. 12). They have different spectroscopic properties, and differences in activities. The 
enzymee undergoes several changes upon activation. 

3.6.1.. Inactiv e enzyme 

Inactivee forms of [NiFe}-hydrogenases show two different EPR signals of the Ni , which were 
attributedd to the 'ready form' (Ni r , also often referred as Ni-B) and the 'unready form' (Niu , 
orr Ni-A ) (Fig. 7, A and B). The names of these states reflect the ability of the enzyme to react 
withh hydrogen: the Ni,*  state reacts with hydrogen within minutes, while the NiJ* state need 
longerr incubation times. Study of the {NiFe]-hydrogenase from A. vinosum revealed, that both 
'ready'' and 'unready' states have similar FTIR properties: there is only a slight difference in the 



27 7 

positionn of v(CO) in spectra (see Fig. 11). At the same time, those states have rather different 
EPRR properties (Fig. 7, A an B), and this difference lays in the orientation of the g tensor 
(primaryy gy). The one-electron reduction of Ni r is irreversible at 2 °C, but is reversible at 30 °C 
{Coremans{Coremans 1992). At the same time the one electron reduction of the Ni u*  state is completely 
reversiblee at all temperatures. The resulting state is the EPR silent Niu-S ('S' stands for silent). 
I tt is likely that the proton involved in the Niu*  to Niu-S transformation is binding to the 
terminall  Cys rather than to bridging oxygen-containing ligand (Li 2001). When performed at 
22 °C and pH 6 the redox potential can be lowered to —350 mV without any increase of enzyme 
activityy and under those conditions the enzyme is obtained in an inactive, EPR silent state 
(Coremans(Coremans 1992). The question remains if only Ni r*  or both Ni r*  and Ni u*  are physiologically 
relevantt states. For the unready enzyme there is a very small shift in the CO-stretching 
vibrationn upon reduction (5-6 cm"1 to higher energies) (see Fig. 11) as well as in the CN" bands. 
AA significant change in the electronic environment of Fe is observed upon reduction of the Ni r* 
too the EPR silent state (some 33 cm"1 shift to the lower energy for the CO vibration and a bit 
lesss for CN vibrations). The reverse reaction, the oxidation of the Ni r-S to Ni r* , is slow 
(Coremans(Coremans 1992; De Lacey 1997) (Fig. 12). 

3.6.2.. Activation 

Prolongedd incubation of hydrogenase with hydrogen usually results in the reductive activation. 
Accordingg to most of the current theories, this process is rather complex and involves several 
steps.. Removal of the bridging ligand is one of the crucial events. The other important issue is 
thee conversion of the unready enzyme into the ready and active forms. This transformation has 
aa high-energy barrier and it is irreversible in the absence of the 02 . The equilibrium under 
thesee conditions is totally shifted towards reduction of the Niu-S into Ni r-S form and the 
reversee reaction does not occur. The higher energy barrier for the Ni u*  state, rather than for 
Ni r**  can be a result of a weaker binding of the bridging hydroxo species. However this theory 
doess not explain why Ni r*  and Ni u*  states are not in equilibrium. The fact, that the energy 
barrierr for the Ni u*  to Nia-S transformation is high, might be explained by the structural 
reorganisationss in the active site. Recent X-ray data analysis revealed the conserved Glu l8 
residuee in close proximity of the Ni site; the Cys530, coordinated to the Ni atom, showed high 
conformationall  flexibilit y in the same study (Matias 2001). Both facts point to the possible 
involvementt of residues located in a close proximity of the active site in the activation process. 
Theyy may assist the structural reorganisations. The XAS studies performed on [NiFe]-
hydrogenasee from A. vinosum (Davidson 2000 ) indicate that the coordination number changes 
fromm 5 to 4 upon a reduction of Ni r-S into Nia-S. At the same time, the Ni-O bond is lost. X -
rayy diffraction studies (Higuchi 1999) also show that the removal of the bridging ligand is 
necessaryy for the activation. 

Bothh forms, the Ni r-Si9n and the Ni r-S19}2 coexist in mixture and the ratio in the mixture is 
highlyy dependent on pH (Bleijlevens 2002). The equilibrium between Ni r-S19u/1932 and Nia-S1932 

iss well established and involves less than one proton (De Lacey 1997). It is also known 
(Bleijlevens(Bleijlevens 2002) that the reduction of Ni,*  to a mixture of Ni r-S]9]1/Ni r-S1932 is pH dependent 
andd involves less than one proton. Therefore, it is presently assumed that initially the reduction 
off  Ni r*  into Ni r-S191I occurs, which in turn is followed by the protonation and reorganisation of 
thee active site (Fig. 12). 
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FigureFigure 12. Current view on the different redox states of {NiFe}-hydrogenases. The numbers in the picture 
describee the CO stretching frequency for the particular state. The amount of the protons and electrons is 
indicatedd for the different reactions as it was found from redox titrations. The activation process is accomplished 
byy the protonation of the bridging OH" group and its release in rhe form of H 2 0 (adapted from (Bkijkvem 
2002)). 2002)). 

3.6.3.. Active enzyme 

Thee Nid-S state reacts very quickly with hydrogen to form the EPR active Ni a-C*  state, while 
thee reverse reaction is very slow {van der Zwaan 1985; Happe 1999). Even if hydrogen is 
completelyy removed from the system, the Nia-C signal is stable for hours in an anaerobic 
environment. . 

Thee Ni a-C*  state has a characteristic CO absorption band at 1950 cm"1 with 2 CN bands at 
20877 and 2074 cm"1, respectively. Noticeably, the position of the CO absorption band of this 
statee is similar to that of the Niu-S state, and one has to be careful when assigning these 
vibrationn bands to a certain state. The position of the CO band reflects a relatively low electron 
densityy on the Fe atom compared to other states. 
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Thiss state probably represents the active site with a hydrogen species bound close to the Fe 
atom,, presumably in the form of hydride, with a nearby bound proton. In the presence of 
redoxx dyes and H2 Nia-C*  can be further reduced to an EPR-silent state. During redox 
titrationss with dyes, this reaction involves one electron and one proton and can be written as 
follows: : 

Ni3+-(H)-Fe2++ + e + H+ -> (H+)Ni2+-(H)-Fe2+ . 

Thee product of this reaction - the EPR silent Nia-SR state, represents the Ni in the 2 +-redox 
state.. In FTIR spectra, this state most of the times shows two distinct CO vibrations (1936 and 
19211 cm"1 in case of A.vinosum hydrogenase). This has been recently attributed to different 
protonationn levels of the active site (Bleijlevens 2002). The equilibrium between the Nia-C*  and 
Nia-SRR states can also be controlled by the hydrogen-partial pressure in the absence of dyes 
(Coremans(Coremans 1992). In that case this reaction is best described with an n=2 Nernst equation. The 
midpointt potential for this redox reaction has a -66 mV per pH unit shift. It was also proposed 
thatt a second hydrogen molecule reacts with the active site, so there can be two hydrogen-
bindingg sites in total (Coremans 1992). 

3.7.. Redox states of the enzyme: importance of the Fe-S clusters 

Alll  different redox states of the active site can also have different catalytic properties depending 
onn the redox state of the Fe-S clusters (Table 2). In completely oxidised enzyme, the EPR 
signalss of Niu*  and Ni r*  show up together with the EPR-signal of the oxidised [3Fe-4S} 
cluster.. The two [4Fe-4S] clusters are oxidised and are not EPR detectable. Upon one-electron 
reductionn of the ready and unready enzyme forms, the [3Fe-4S] cluster is reduced first, due to 
itss higher midpoint potential. Upon complete reduction the two {4Fe-4S] clusters are also 
reduced.. They both have slightly different redox potentials (which are pH-dependent). This 
makess it possible to obtain a Nia-C state with a reduced or an oxidized proximal cluster. The 
redoxx state of this cluster can be determined by studying the spin coupling effect in EPR 
(Guigliarelli(Guigliarelli  1995) (see earlier in this chapter). 

TableTable 2. The redox potentials of the Ni and Fe-S clusters in {NiFe}-hydrogenase from D.gigas at pH 7. All 
potentialss are normalised to pH 7 taking into account the pH dependence.' Em, pH 1': pH-dependence of 
midpointt potential in mV per pH unit 

Redoxx transition Em,, pH 7 (mV) pH--
dependence, , 
mV/pH H 

Reference(s) ) 

[3Fe-4S}I+/0 0 

Niu*/Ni u-S S 
Oxidativee deactivation 
Ni.-S/Ni.-C* * 

Distall  [4Fe-4S]2+,1 + 

Reductivee activation 
Proximall  [4Fe-4S}2+/I+ 

Nia-C*/Ni 1-SR R 

-35 ,--
-80 ,--
-133 3 
-270, , 

-290 0 
-310 0 
-340 0 
-390 0 

70 0 
90 0 

-330 0 

-60 0 
-56 6 

~ ~ 

~-60 0 

— — 
~-60 0 
-66 -66 

(Cammack(Cammack 1982; Teixeira 1983) 
(Fernandez(Fernandez 1985; Roberts 1995) 
(Mege(Mege 1985) 
(Teixeira(Teixeira 1985; Cammack 1987; Roberts 
1994) 1994) 
(Cammack(Cammack 1987; Teixeira 1989) 
(Lissolo(Lissolo 1984) 
(Cammack(Cammack 1987; Teixeira 1989) 
(Cammack(Cammack 1987) 

Thee rapid-mixing rapid-freezing experiments in combination with XAS studies on hydrogenase 
fromm A.vinosum (Happe 1999; Davidson 2000) suggested that the formal valence of Ni is 
changingg between 3 + and 2 +. Based on this conclusion and keeping in mind that the reaction 
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off  Ni a-C*  with hydrogen (in the absence of redox dyes) involves two electrons, it is reasonable 
too consider the proximal Fe-S cluster as a potential acceptor of the second electron in the Nia-
C**  to Nia-SR transformation. 

Thee other issue that should be always kept in mind while working with {NiFe}-hydrogenases is 
thee possibility of intermolecular electron exchange between different enzyme molecules via the 
distall  Fe-S cluster. In fact, the involvement of the Fe-S clusters explains many observations in 
thee hydrogen-titration experiments (Coremans 1992). This electron exchange is much slower 
thann the reaction of [NiFe}  - hydrogenase with hydrogen. At pH 6 under 1% H2 the redox 
potentiall  is about -236 mV and only part of the proximal Fe-S clusters are reduced, while the 
activee site is in the Nia-C*  state. At this pH value all clusters can be reduced only under an 
atmospheree of 100% H2. The reduced clusters in one enzyme molecule can exchange electrons 
withh clusters in other enzyme molecules via the distal cluster, so that the system comes to the 
equilibriumm after some time. In the end, the redox potential set by H2 determines the mixture 
off  the different redox sub-states of hydrogenase. 

4.. M E C H A N I S M OF HYDROGENAS E ACTIO N 

4 .1.. M o d el c o m p o u n ds 

A nn ideal model compound of (NiFe]-hydrogenases should correlate with the actual properties 
off  their active site. Ultimately, the composition, structure, ligand environment, and oxidation 
statess should reflect the actual properties of the active site. In reality, it is very difficult to 
synthesisee model compounds that meet all these requirements. Usually it is possible to model 
onlyy one of the aspects of the active site. 

Afterr the discovery of the bimetallic metal centre in [NiFe]-hydrogenases the study of model 
compoundss switched from mononuclear Ni compounds to more complicated systems involving 
twoo or more metal centres. The Ni atom in hydrogenases has apparently a distorted square 
planarr coordination, formed by 4 thiolate ligands. None of mononuclear or binuclear Ni 
complexess (see Fig. 13, 1-2) {Muller 1995) has spectroscopic or chemical characteristics of the 
biologicall  metal centre. Most Ni-S complexes are kinetically unstable and need a suitable 
environmentt for their stability. This crucial issue should be kept in mind while obtaining X-ray 
structuress for these compounds. The second major problem is related to Ni chemistry. Ni 
thiolatee compounds with redox states higher than +2 are not stable and Ni is capable of 
oxidizingg the sulphur ligands, forming unwanted products, which have been identified during 
synthesiss of such compounds (Kriiger 1989). The Ni-S bonds in mononuclear Ni complexes 
havee a rather ionic character with coordination numbers from 4 to 6 {Kriiger 1989). Several 
conclusionss have been drawn from Ni model compounds: 1) Ni 3+ cannot bind CO and 
hydride;; 2) thiolates can stabilise low oxidation states of Ni ; 3) hydride and CO can bind to the 
11 + state of Ni {Baidya 1991; Baidya 1993). 

Numerouss complex compounds of Fe are known with two or more 7C-acceptor ligands such as 
CO.. The electronic structure in this case allows maximum overlap of the filled d orbitals of the 
metall  atom with the empty 7t levels of the diatomic ligand. These compounds help to better 
understandd the chemistry of low-valence Fe(COXS) complexes. Lots of compounds, especially 
withh a d6 configuration, are known for their ability to form complexes with H2 and hydride 
{Kubas{Kubas 1988; Heinekey 1993). After the {Fe]-hydrogenases H-cluster structure was solved, lots 
off  model compounds were proposed {Darensbourg 2000). Among those complexes are 
compoundss 4 and 6 (Fig. 13). In compound 4 {(r|5-C5R5)Fe(CN)2(CO)]- the pyramidal 
componentt Fe(CN)2(CO) is bound to the cyclopentadienyl ligand, that imitates the 6-electron 
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donatingg ability of the Ni(|i-SCys)2(|a-0) moiety of the enzyme active site (Darensbourg 1997). 
Thee othet compound, compound 6, has been known for years and can be synthesised by 
replacingg one of the CO ligands on each iron atom in [((J-SCH2CH2CH2S)Fe2(CO)6] with the 
CN""  {(|i-SCH2CH2CH2S)Fe2(CO)4(CN")2]

2" by using well - established chemical reactions (Lyon 
1999;1999; Schmidt 1999). The resulting structure resembles the CO-inhibited form of Fe 
hydrogenase.. The ease of the preparation of this complex suggests that the Fe(CO)2(CN) 
moietyy can be easily assembled and is relatively stable. The FTIR spectra of that compound in 
aa non-polar environment match the infrared properties of the active site of [NiFe]-
hydrogenase.. None of these compounds, thought, was found to act as a real hydrogenase, and 
thee reason probably lays in the fact that the protein environment, with its proton and electron 
transferr channels, keeps the Ni-Fe site active. 

(5) ) 

FigureFigure 13- Some examples of model compounds for the active site of {NiFe}-hydrogenases. (1) Mononuclear Ni 
complexx with tetrahedral geometry formed by thio-phenolate or ring-substituted ligands (Miilkr  1995); (2) 
homodinuclearr complexes with a distorted tetrahedral thiolate coordination (Muller 1995); (3) the Ni-Fe 
complexx with thiolate-bridged iron-nitrosyl moiety (Osterloh 1997); (4) Fe(CO)(CN")2 moiety bound to 
cyclopentadienyll  ligand, imitating 6-electron donating property of the Ni moiety in [NiFe]-hydrogenases 
(Darensbourg(Darensbourg 1991); (5) one of the most closest analogues of the Ni-Fe centre, the compound formed by specially 
designedd chelate agents (Davies 1999); (6) the complex compound with binuclear Fe complex with CO and CN 
coordination,, found to be a good spectroscopic (IR) model for 2Fe moiety (Lyon 1999). 

Althoughh no real functional analogues to the Ni-Fe centre have been obtained so far, some of 
thee compounds do resemble the actual Ni-Fe centre (compounds 3 and 5, Fig. 13) (Osterloh 
1997;1997; Davies 1999). Such compounds can only be synthesised with certain chelating ligands 
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andd this probably explains why the way of biosynthesis of this centre in nature is so 
complicated. . 

4.2.. DFT calculations 

Duringg recent years the calculation methods based on Density Functional Theory (DFT) have 
beenn significantly improved. The major area of success of DFT is the investigation of transition 
metall  ions. That gave a boost for theoretical chemical calculation of different active site states 
off  hydrogenases and possible transformations in the active site. Several groups have proposed 
mechanismss of the hydrogenase action on basis of DFT calculations {Pavlov 1998; Amara 1999; 
SteinStein 2001). Some groups (Niu 2001) refer to the Fe as the catalytic centre, and that work is 
basedd on a comparison of the calculated CO stretching vibration with the experimental 
observedd ones. In a different study, the properties of the active site calculated according to the 
lawss of Quantum Mechanics, and of the protein core to the laws of Molecular Mechanics, 
makingg use of hybrid calculations (Amara 1999). These calculations have suggested the 
involvementt of one of the cysteins as the base in the reaction of hydrogen cleavage. 

Severall  approaches have been used for the calculation of the properties of the different states 
andd their reactions. All of them are based on the comparison of experimental data with the 
modell  calculations. 

4.2.1.. Energy calculations 

Thee first calculations for {NiFe}-hydrogenases were performed by the group of Siegbahn 
(Pavlov(Pavlov 1998). The assumption of electronic neutrality was used in those calculations and the 
calculationss were performed, considering the active site as a high-spin system (S=3/2). The 
resultss of such calculations gave output, which was, as expected, far from the real properties of 
thee actual active site. The EPR properties could not be compared with the actual active site 
properties,, as the active site gives EPR signals caused by a S= 1/2 system of Ni3+. The 
distancess between different atoms in the model and their dynamics were also very different 
fromm the crystal structure data. In the later calculations (Pavlov 1999) the motion of ligands 
wass kept closer to real structure and a different geometry of the models was used. A large 
numberr of models and reaction pathways were investigated using this approach, but most of 
thee states resulted in a very small energetic difference. 

4.2.3.. Structural data calculations 

Afterr structures from both oxidised (Volbeda 1996; Higuchi 1997) and reduced forms (Garcin 
1999;1999; Higuchi 1999) of [NiFe}-hydrogenases were obtained, the accumulated data gave an 
opportunityy to perform comparative calculations, knowing the structural changes in the active 
sitee upon activation. The only difficulty here is that in both oxidised and reduced forms there is 
aa mix of several substates and the X-ray data represent an average of them. Good results in 
calculationss were obtained with the oxidised state, having a bridging O-ligand for Ni„ *  (De 
GioiaGioia 1999; Stein 2001). For the Ni r*  state an OH" bridging ligand was proposed (Stein 2001). 
Inn both oxidised and reduced states the best results were obtained with a bridging ligand 
presentt (Pavlov 1998; De Gioia 1999; Pavlov 1999). Good agreement with the X-ray structure 
wass obtained for the Nia-C*  and Nia-SR states, when they were modeled with a bridging 
hydridee (Amara 1999; De Gioia 1999; Niu 1999). The first calculation taking the protein 
environmentt into account was done using combined quantum-mechanical and molecular-
mechanicall  calculations as mentioned above(Amara 1999). The results proved that taking into 
accountt the protein environment changes dramatically the bond lengths in the final 
computationall  models. 
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FigureH.FigureH. Comparison of structures proposed for the various intermediate states of the catalytic cycle of{NiFe} 
hydrogenase.hydrogenase. (I) The data from Hall and co-workers (Niu 1999; Li 2001); (II ) Stein and Lubitz (Stein 2001; 
2001;2001; Stein 2001) are shown. The work of Hall is based on an assignment of the expected CO stretching 
frequencies,, whereas that of Stein and Lubitz relies on the calculation of g- and hyperfine tensors and spin 
densityy distributions (taken with permission from (Stein 2002)). 

4.2.4.4.2.4. Calculations of the FTI R parameters 

Thee other direction of quantum-mechanical calculations compares of calculated CO vibration 
frequenciess with the experimental ones (Niu 1999) (Fig. 14, I). In this approach the geometry 
off  the active site is optimised, and the CO bond length is obtained from the model. The CO 
bondd length gives the vibration frequency, which is compared with the available experimental 
data.. In this approach any change in the electronic structure of the active site affects the 
electronn density on the Fe atom, which in turn affects the vibration of the CO ligand. These 
kindd of calculations were performed so far for the Ni r,* , Nia-S, Nia-C*  and Nia-SR states (Niu 
1999)1999) and later for the Ni u*  and Niu-S states (Li 2001). The Ni atom in those models was 
changingg its redox state from 3+ (S = 1/2) to 2+ (S= 1). The influence of the protein 
environmentt on IR frequencies was investigated as well, using a QM/MM model (Amara 
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1999).1999). Taking into account that the protein environment gave a shift of 33 cm'1 for CO 
vibration,, a good agreement with experimental data was obtained. 

4.2.5.. Calculations of EPR/ENDOR parameters. 

Thee experimental hyperfine splitting (6lNi, 57Fe, 33S, 170) provides us with information about 
spinn distribution and spin states of metals in the active site. In most calculations performed so 
farr the spin densities were close to experimentally observed values. When the bridging position 
iss occupied in the Ni f* , Niu*  and Nia-C*  states, the spin densities were close to the 
experimentall  values. In all calculations Fe was in a low-spin 2 + state. Recent calculation for 
thee Ni in the active site (Fan 2002) give a model where Ni is changing between low-spin 
(Ni3+)) (in Nia-C*) and high-spin (Ni2+) state (in Nia-S). In some works {Pavlov 1998; Pavlov 
1999)1999) spin populations were estimated on the basis of the S=3/2 state, and cannot be 
comparedd with experimental data. Recently it became possible to calculate g-tensor values and 
orientationss using DFT. Several oxidation and protonation states and the ligand environments 
weree probed (Stein 2001). The experimental data for Nir*  and Niu*  forms can be reproduced 
withh either O2" or OH" as a bridging ligand, although a systematic deviation of the calculated g 
valuess was observed. For Nia-C*  and N^-L*  the g-tensor orientation was predicted and the 
calculatedd hyperfine and quadrupole coupling constants were found to be in good agreement 
withh experimental values (Stein 2001; Stein 2001) (Fig. 14, II) .. The Nia-L*  and Nia-S»CO 
statess are best described with Ni1+ (Stein 2001). Possible mechanisms were suggested on the 
basiss of the calculated structure of paramagnetic intermediates (Stein 2001; Stein 2001). 
Generally,, researchers agree that the Nia-C*  state has hydride in bridging position, and that 
onee of the terminal Cys residues is acting as the assisting base during the heterolytic cleavage 
off  hydrogen. Some groups propose that the initial activation of hydrogen takes place on the Fe 
atom.. The protonation of the bridging Cys residues seems to be rather unlikely. A final 
agreementt on different catalytic intermediates and mechanism is still not achieved. 

4.3.. Possible mechanism and conclusions 

Takingg into account that most mechanisms, proposed by different groups (Dole 1991; Ganin 
1998;1998; Pavlov 1998; De Lacey 2000; Maroney 2001; Niu 2001; Siegbahn 2001), consider the Ni 
ionn changing its valence between 3+ and 2 + , one should keep in mind that the hydride 
providess 2 electrons at the time, and they both have to be accommodated by the hydrogenase 
moleculee simultaneously. The active site can take only one electron at a time. Most probably 
thee second electron is accepted by the proximal cluster (in (NiFe}-hydrogenases) or the {4Fe-
4S]]  cluster in H-cluster (in [Fe]-hydrogenases). Therefore the redox potentials of the Fe-S 
clusterss can determine the reactivity of the enzyme under different conditions. 

Thee gas channel is pointing to the Ni atom (Montet 1997), and so the Ni3+ ion is considered to 
bee the primary target for the binding of H2. To obtain active enzyme the bridging ligand has 
too be removed as well (see proposed model for the activation by (Stadler 2002) (Fig. 15). 
Hydrogenn enters the gas channel and binds to the active site where both metals end up in the 
2++ state. A base near the active site (most probably a Cys ligand of the Ni atom) assists with 
thee heterolytic splitting of hydrogen. It gets protonated and the hydride probably goes to the 
Fee centre. The Ni atom has to be oxidised to 3 + state to accept the electron (s) from the 
hydride.. At this stage the involvement of the Fe-S cluster is crucial. The electrons are 
transferredd to the active site and the proximal cluster. And then subsequently Ni and the 
proximall  cluster come back into their original state, and proton and electrons are transferred to 
thee surface of the protein. 
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FigureFigure 15. One of the proposed mechanisms of the activation and action. This is based on the results of several 
DFTT calculations. Both ready (Ni-B) and unready (Ni-A) forms have to be activated and Ni,-S (Ni-SI1932) is 
proposedd to react with H2 forming the Nia-SR state (taken with permission from (Stadler 2002)). 

Thee structural elements of both classes of metal hydrogenases give the enzyme molecules the 
abilityy to activate molecular hydrogen. There are several components (hydrogen, protons, and 
electrons)) involved in the reaction and they have to reach the active site, which is buried inside 
thee protein. The active site is located about 30 A from the surface of the protein inside the 
globulee and it is reasonable to suppose that all participants of the reaction should reach the site 
viaa specific pathways. Redox titrations show redox changes on the Ni atom and the Fe-S 
clusterss in [NiFe]-hydrogenases. The same holds for one of the Fe atoms in the Fe-Fe site and 
thee Fe-S clusters in {Fe]-hydrogenases. 

Theree are several interesting similarities in the structure of both classes of metal-containing 
hydrogenasess and they provide clues to understand the biological way of hydrogen activation. 

Thee active site has access to protons of water, but does not interact with water itself. The active 
sitee is buried deep inside the protein globule. It makes it impossible for external water 
moleculess to enter the site and to occupy the free ligand positions at the metal atoms. 

Electronn transfer is provided by Fe-S clusters and is limited to specific electron donor/acceptor. 
Thee combination: binuclear active site + proximal [4Fe-4S] cluster is present in all metal 
containingg hydrogenases, and provides therefore the minimum unit, required for hydrogen 
activation.. The terminal Fe-S cluster in hydrogenases has a different ligand and amino-acid 
environmentt and most probably is responsible for the specific interaction of hydrogenases with 
itss donor/acceptor molecule. 

Theree is a free ligand position on each metal atom in the active site for binding of hydrogen or 
hydride.. At least one free site is present in both [Fe}  -and {NiFe}-hydrogenases and thus is 
potentiallyy important for hydrogen binding. The crystal structure of CO-inhibited [Fe}-
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hydrogenasee revealed that external CO binds at the same site in the Fe-Fe centre and that 
givess additional confirmation for potential hydrogen binding at the same site. 

Thee Fe atom has at least one CN and one CO ligand; this Fe complex can potentially stabilize 
thee formation of hydride during the heterolytic splitting of H2. The combination of these two 
ligandss make the Fe atom more neutral and similar to iron in Fe(0) complex compounds, which 
aree known to have high affinity to hydrogen. 

5.. O U T L I N E OF T H I S T H E S IS 

Al ll  available experimental data and calculations still leave a lot of questions open about the 
mechanismm of activation of hydrogenases and the importance of its different redox states. 
Furthermore,, the function and importance of the Fe-S clusters in hydrogenases are not yet 
completelyy understood. These questions can be answered by looking at the properties of the 
activee site and the Fe-S clusters and the changes in their redox state. Two good methods to 
studyy the active site and Fe-S clusters of {NiFe}-hydrogenases are EPR and FTIR. Combining 
FTIRR with kinetic measurements can help to answer several questions about the activation 
mechanismm and the relationship between the states of the active site. The importance of the Fe-
SS clusters can be established by looking at one redox state of the active site with different redox 
statess of Fe-S clusters. This can be achieved by changing the pH and using the pH-dependence 
off  redox potentials of the Fe-S clusters in [NiFe]-hydrogenases. 

Inn Chapter 2, the activation/inactivation of [NiFej-hydrogenase from A. vtnosum was studied 
usingg several kinetic experiments and turnover rates. A lot of questions arise from the DFT 
calculations.. Kinetic studies on the Ni-Fe site are therefore of great importance to solve those 
questions.. In Chapter 3, kinetic experiments are presented for different reactions with the Nia-
S,, Ni a-C*  and Nia-SR states. The relationship between different states and the importance of 
Fe-SS clusters in catalysis are discussed. 

Ass Ech is one of the few hydrogenases potentially involved in redox-linked ion translocation, it 
iss of great interest to study its properties and to compare them with properties of other 
hydrogenasess and Complex I. In Chapter 4, an analysis of the redox properties of the Fe-S 
clusterss in Ech is presented. The possibility of their involvement in 'ion' translocation by Ech is 
discussed.. In Chapter 5, a characterisation of the active site of Ech is presented. The apparent 
structuree and behaviour of the active site of Ech in membranes is compared with those in 
purifiedd enzyme. The FTIR and EPR studies of the active site were carried out together with 
UV-Vis/EPRR titrations to analyse the presence of other cofactors in the protein. 

Finally,, all results of studies of this thesis are summarised in Chapter 6, and a perspective for 
furtherr research is presented. 


