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V I .. S U M M A R Y . 

Chapterr 1 of this thesis gives an extensive introduction into the field of [NiFe}-hydrogenases. 
Hydrogenasess catalyse the reversible oxidation of molecular hydrogen: H2 & 2H + 2e". 
Mostt of hydrogenases are metallo-enzymes. Depending on transition-metal content they are 
dividedd into three groups: {Fe]-hydrogenases, [NiFe] - hydrogenases, and metal-free 
hydrogenases.. This thesis is dedicated to a study of two different {NiFe]-hydrogenases. The 
majorityy of [NiFe}-hydrogenases consist of at least two subunits: a large subunit (a), which 
holdss the active site, and a small (0) subunit, containing at least one Fe-S cluster. For the past 
300 years {NiFe}  - hydrogenases have been extensively studied using different spectroscopic 
methods.. Furthermore, using X-ray crystallography several structures of {NiFe]-hydrogenases 
weree solved. 

Thee crystal structure of anaerobically purified [NiFe}  - hydrogenase from Desulfovibrio gigas 
revealedd the presence of Ni and Fe in the active site, bridged by two thioiates from the protein 
coree and a bridging oxygen-containing ligand. Additionally, Ni has two extra terminal thiolate 
ligands.. Three non-protein ligands to Fe have been characterised by FTIR studies as two non-
exchangeablee CN" groups and one non-exchangeable CO molecule. Comparison of the amino-
acidd sequences of various [NiFe}-hydrogenases led to the conclusion that the minimal 
functionall  module of hydrogenases consists of the Ni-Fe active site and a [4Fe-4S}  cluster. 

Thee membrane-bound hydrogenase from Allochromatium vinosum is another well studied 
examplee of the same group as the hydrogenase of D. gigas. It shows high similarities in primary 
structuree and other properties with D.gigas hydrogenase and the structural data of the latter is 
oftenn used to interpret the behaviour and properties of A. vinosum hydrogenase. 

Thee active site of the membrane-bound [NiFe}-hydrogenase from A. vinosum can exist in at 
leastt seven different states, each with characteristic EPR and FTIR properties. When purified, 
thee enzyme is inactive and contains enzyme molecules in two different states. These states were 
termedd 'ready' (Ni r* ) and 'unready' (Niu* ) on the basis of their ability to react with hydrogen. 
Enzymee in the 'ready' state is reacting with hydrogen within minutes, while enzyme in the 
'unready'' state needs hours of incubation with hydrogen before it becomes catalytically active. 
Thee crucial step in the activation process is the removal of the bridging oxygen ligand. Only 
afterr activation the enzyme is able to catalyse the hydrogen oxidation/formation. Although a 
lott of information has been obtained on the activity of the enzyme in the different redox states 
off  the active site, there is still a lack of understanding of the mechanism of the activation and 
thee exact nature of the different states. Those issues are the subject of research in chapters 2 
andd 3 of this thesis. 

Thee other hydrogenase studied in this thesis is the Ech (£. cpli like hydrogenase) from 
MethanosarcinaMethanosarcina barkeri. As deduced from primary-structure analysis, this hydrogenase is 
differentt from most other {NiFe}-hydrogenases; it belongs to another sub-class of [NiFe}-
hydrogenases.. Particularly, the Ni-carrying subunit has less sequence homology with other 
{NiFe(Se)}-hydrogenases.. Instead, it shows a higher similarity with one of the subunits of 
NADH:ubiquinonee oxidoreductase (Complex I). Therefore, a proton-translocation function 
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wass proposed for some hydrogenases belonging to this subclass. They possibly combine the 
productionn of hydrogen with the accumulation of protons in the periplasm. That causes the 
electrochemicall  gradient across the membrane, which is used by ATPase to synthesize ATP. 
Thee Ech from M. barkeri also has strong amino-acid sequence similarity with the CO-tolerant 
hydrogenasess from Rhodospirillum rubrum and Pyrococcus furiosusy and with the hydrogenases 3 
andd 4 from Escherichia coli. The Ech is the only enzyme of its sub-class that has been highly 
purifiedd so far. There are several remaining questions about the behaviour of the active site and 
thee Fe-S clusters in Ech. They and their answers are discussed in chapters 4 and 5. Theoretical 
chemicall  studies are important for the understanding of the mechanism of action of 
hydrogenasess and the role of both metals of the active site in catalysis. Such studies bring up 
questionss about the mechanism of the reductive activation of the enzyme, CO and 02 

sensitivityy of hydrogenases, and the nature and role of the different active states of the enzyme. 
Thosee issues are discussed in several chapters of this thesis. 

Chapterr 2 is focused on the issue of the activation of the [NiFe]-hydrogenase from A. vinosum. 
I tt is known that 'ready' and 'unready' enzyme molecules behave differently in regular enzyme 
assays.. The chapter provides the results of a study of the reaction between hydrogen and a 
[NiFe}-hydrogenasee in its inactive form, using stopped-flow Fourier transform infrared 
spectroscopy.. The results of this study, for the first time, clearly show that enzyme in the 
unreadyy state (Niu* ) cannot react directly with hydrogen, while enzyme in the ready state 
(Ni r* )) reacts with hydrogen within a few seconds at 25 °C. The rate of the reaction of the ready 
statee with hydrogen is neither dependent on the enzyme concentration nor on the substrate 
concentration,, indicating that the rate-limiting step of this reaction is neither the binding of 
hydrogenn to the active site, nor an intermolecular electron exchange, but is rather related to 
sloww structural changes in the active site upon hydrogen binding. Substoichiometric amounts 
off  H2 are capable of reducing the ready enzyme as fast as excess H2. This reaction also occurs in 
thee presence of oxygen. The profile of the infrared changes in time suggests that the bridging 
hydroxyll  group in the active site probably acts as a base upon the reaction of H2 with ready 
enzyme. . 

Afterr reductive activation, the enzyme is capable of catalysing the rapid hydrogen 
uptake/productionn reactions. Depending on the conditions it can be poised in three different 
redoxx states. In chapter 3, these transformations between the active states were studied. The 
samee method was used as in the study of the activation mechanism: stopped-flow Fourier 
transformm infrared spectroscopy. The major conclusion is that a rapid reduction of the enzyme 
byy dihydrogen requires a Ni(III) and an oxidised [4Fe-4S] cluster. This is in line with the 
observationn that all [NiFe}-hydrogenases posses a combination of the Ni-Fe active site and one 
nearby-locatedd [4Fe-4S] cluster. The Nia-S state (Ni2+) with both {4Fe-4S] clusters oxidised 
cann rapidly bind dihydrogen to form the Nia-C*  state (Ni3+) with one reduced cubane cluster. 
Thiss state can then rapidly abstract two electrons from a second dihydrogen molecule to form 
thee Nia-SR state (Ni2+) with both cubanes reduced. On the other hand the N^-S state with all 
clusterss reduced can rapidly bind dihydrogen forming the Nia-SR state without any redox 
reactions.. When one of the clusters was oxidised, however, the binding of dihydrogen resulted 
inn a Ni a-C*  state with all clusters reduced; this state with clusters reduced all could not be 
furtherr reduced by dihydrogen, unless the proximal cluster gets oxidised. The outcome of the 
competitionn between dihydrogen and carbon monoxide for binding to the active site was 
dependentt on the redox state of the nickel ion. Formation of the Ni^-SCO state (Ni2+) was 
muchh faster by reacting carbon monoxide with the N^-SR and Nia-S states (Ni2+), than by the 
reactionn of the N^-C* state (Ni3+) with CO. 
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Mostt [NiFe]-hydrogenases are inhibited by CO. This inhibition is competitive towards H2. 
EPRR and FTIR studies revealed early on that added CO binds directly to nickel in the active 
site.. Some [NiFe]-hydrogenases, however, can also function in a CO environment. Among 
suchh hydrogenases are the soluble hydrogenase from Ralstonia eutropha {Schneider J 986), the 
CO-inducedd hydrogenase from R. rubrum and the membrane-bound hydrogenase from P. 
furiosus.furiosus. The two latter enzymes belong to the same sub-class of [NiFe]-hydrogenases as the 
membrane-boundd {NiFe}-hydrogenase (Ech) from M. barken'. This enzyme has Fe-S clusters 
whichh may be involved in proton translocation. In chapter 4, the purified membrane-bound 
(NiFe}-hydrogenasee from M. barkeri was studied using electron paramagnetic resonance (EPR), 
focussingg on the properties of the iron-sulphur clusters. The EPR spectra showed signals from 
threee different [4Fe-4S}  clusters. Two of the clusters could be reduced under 1 bar of H2, 
whereass the third cluster was only partially reduced under those conditions. Magnetic 
interactionn of one of these clusters with an unpaired electron localised on the Ni-Fe site 
indicatedd that this was the proximal cluster as found in all {NiFe]-hydrogenases. Hence, this 
clusterr was assigned to be located in the EchC subunit (analogous of small subunit in 'classical' 
[NiFe}-hydrogenases).. The other two clusters could therefore be assigned to the EchF subunit, 
whichh has two conserved four-Cys motifs for the binding of a [4Fe-4S] cluster and is not found 
inn 'classical' {NiFe]-hydrogenases. Redox titrations as a function of pH demonstrated that the 
proximall  cluster and one of the clusters in the EchF subunit had a pH-dependent midpoint 
potential.. This may point to the involvement of these clusters in proton translocation and 
eventuallyy coupling of hydrogen production to the transfer of protons across a membrane. The 
presentedd data is very good hint on the way towards understanding behaviour of proton 
pumpingg systems. The further steps like modification of the acidic amino acids close to Fe-S 
clusterss can give more hints about mechanism of their functioning. 

Iff  Ech from M. barkeri does indeed function as a proton-pumping one, its active site may have 
propertiess different from common [NiFe}-hydrogenases. That is why it was of great interest to 
lookk at the redox properties of the active site of Ech and compare those to other hydrogenases. 
Inn chapter 5 this enzyme has been studied by UV-Vis, EPR and FTIR spectroscopy with 
emphasiss on the properties of the Ni-Fe active site. The UV-Vi s spectra of the purified enzyme 
inn several redox states could be largely explained by the redox changes of the three {4Fe-4S] 
clusters.. However, part of the changes in the 400-500 nm region could not be attributed to 
redoxx changes of the Ni-Fe site nor the Fe-S clusters. The purified enzyme showed EPR spectra 
off  Ni 3 +, which were very similar to those of standard {NiFe}-hydrogenases. In contrast to the 
latterr enzymes, the Nia-C*  state could not be induced by equilibration with 1% (v/v) 
dihydrogen.. FTIR spectra of the purified enzyme in the 2150-1850 cm'1 spectral region 
showedd absorption bands which could be assigned to the stretch vibrations of one metal-bound 
carbonn monoxide (end on) and two metal-bound cyanide groups (end on). The spectra were 
comparablee with those from standard [NiFe}-hydrogenases. The binding of added carbon 
monoxidee was clearly reflected in the infrared spectrum. The Ech as purified under 4% (v/v) 
dihydrogenn was highly sensitive towards oxygen. Its infrared spectrum reflected a destruction 
off  the Fe-subsite of the Ni-Fe centre in active enzyme upon exposure to air. At the same time, 
thee active Ech as present in membranes of M. barkeri was resistant towards air. Also its 
sensitivityy towards CO (K ; ~ 150 \lM) was lower than that of the purified enzyme 
(K,, ~ 65 p.M). The infrared spectra of membranes clearly differed from those of the purified 
enzyme.. This points to changes in or around the Ni-Fe site induced by the purification 
procedure. . 


