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II.. INITIAL EVENTS D U R I N G THE REACTION OF A [NIFE]-
HYDROGENASEE W I T H HYDROGEN AS S T U D I E D BY FAST 

INFRAREDD SPECTROSCOPY 

SergeiSergei Kurkin1, Simon J. George2, Roger N.F. Tbomeley2, Simon P.J. Albracht1 

'Swammerdam'Swammerdam Institute for Life Sciences, Biochemistry, University of Amsterdam, Plantage Muidergracbt 12, NL-1018 TV 

Amsterdam,Amsterdam, The Netherlands 

22 Department of Biological Chemistry, John Innes Centre, Norwich Research Park, Colney, Norwich NR4 7UH, V'nited Kingdom 

Thee reaction between hydrogen and the {NiFe}-hydrogenase from Allochromatium vinosum in its 
inactivee form has been studied by stopped-flow infrared spectroscopy. The data, for the first 
time,, clearly show that at room temperature enzyme in the unready state, either oxidized or 
reduced,, does not react with hydrogen. Enzyme in the ready state reacts with hydrogen after a 
lagg phase of about six seconds, whereby a specific reduction of the enzyme occurs. The lag 
phasee and the rate of reduction of the 'ready' form of the enzyme are neither dependent on the 
enzymee concentration nor on the substrate concentration, i.e. sub-stoichiometric and eight fold 
excesss amounts of H2 reduce the ready enzyme at the same rate. Oxygen delays this reaction 
butt does not prevent it. The infrared changes suggest that the hydroxyl group, bridging 
betweenn the Ni and the Fe atom in the active site, becomes protonated during this reduction. 
Att physiological temperatures this property of the inactive ready enzyme enables a full 
developmentt of activity by sub-stoichiometric H2 concentrations. 
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1.. INTRODUCTION 

Hydrogenasess (reaction: H2 <$ 2H+ + 2e") are among the oldest enzymes in nature and are 
foundd in a wide variety of micro-organisms and some primitive eukaryotes {Cammack 2001). 
Mostt hydrogenases contain transition metals and up to now three main classes have been 
distinguished:: (i) [Fe]-hydrogenases with Fe as the only metal; (ii) [NiFe]-hydrogenases, 
containingg Ni, Fe and Mg as metal ions; (iii ) metal-free hydrogenases (Adams 1990; Albracht 
1994;1994; Berkessel2001; Cammack 2001; Vignais2001). 

Thiss study focuses on the membrane-bound [NiFe}-hydrogenase from Allochromatium 
vinosum.. Like the enzymes from Desulfovibrio gigas, Desulfovibrio vulgaris Miyazaki F, 
Desulfovibrioo fructosovorans, Desulfomicrobium baculatum and Desulfovibrio desulfuricans, 
forr which the crystal structures have been solved (Volbeda 1995; Volbeda 1996; Higuchi 
1997;; Montet 1997; Garcin 1999; Higuchi 1999; Matias 2001; Ogata 2002; Stadler 2002), 
thee A. vinosum enzyme belongs to class the 'standard' [NiFe}-hydrogenases. All these enzymes 
consistt of at least two subunits: one about 60 kDa and another 30 kDa. The crystal structures 
revealedd that the active site is a Ni-Fe centre bound to the protein via thiols from four strictly 
conservedd cysteine residues in the large subunit. Two of the thiols act as bridging ligands 
betweenn the Ni and the Fe. In addition there is a non-protein bridging oxygen ligand species, 
presumedd to be an OH" group. The Fe is also coordinated by three other non-protein ligands. 
Theyy have been characterised by FTIR studies on the A. vinosum enzyme as two non-
exchangeablee CN groups and one non-exchangeable CO molecule (Bagley 1995; Happe 
1997;; Pierik 1999). The FTIR spectra of all [NiFe]-hydrogenases are essentially identical (van 
derr Spek 1996; De Lacey 1997). Hence, the active site is a (RS )2Ni(n-RS)2(|i-OH" 
)Fe(CN)2(CO)) hetero-metallic cofactor (R = Cys). The small subunits of all [NiFe]-
hydrogenasess have a conserved cysteine motif, CxxCxnGxCxxxGxmGCPP (n = 61 to 106, m = 
244 to 61 (Albracht 1994)), that binds one {4Fe-4S] cluster. This cluster is located 14 A from 
thee active site and is called the 'proximal' cluster. Many hydrogenases contain two more Fe-S 
clusterss located in the small subunit, which together with the proximal cluster form a nearly 
linearr array for facile electron transfer (Volbeda 1995; Volbeda 1996). The D. gigas and A. 
vinosumm enzymes contain a [3Fe-4S] cluster and a second cubane cluster. The 3Fe cluster lies 
inn between the two cubane clusters and is called the 'medial' cluster. The second cubane cluster 
iss the 'distal' cluster and it has one edge exposed to solvent at the surface of the protein. 

Traditionally,, EPR has been used to monitor the redox changes of the Ni and the Fe-S clusters 
inn hydrogenases (for review see (Albracht 1994)). Since the discovery of the CN" and CO ligands 
inn the A. vinosum [NiFe]-hydrogenase by infrared spectroscopy (Bagley 1995; Happe 1997), this 
techniquee has greatly contributed to the further understanding of the properties of the active 
site,, not least because EPR-silent states can be studied. It is now generally accepted that redox 
changess in the Ni-Fe site occur close to (or at) the Ni site (Gu 1996; Davidson 2000). The low-
spinn Fe(II) ion, which was first identified in Mössbauer spectra of the H2-reduced A. vinosum 
enzymee (Surerus 1994), does not undergo an oxidation or spin state changes when the enzyme 
iss oxidised (Huyett 1997). 

[NiFe]-hydrogenasess when purified aerobically, are inactive. However, they can be activated by 
incubationn with H2. The activation of the A vinosum enzyme by hydrogen has now been 
studiedd by the recently developed technique of stopped-flow infrared spectroscopy (Thorneley 
2000).2000). To facilitate understanding of the experimental design and execution, a short overview 
off  the present knowledge of the inactive states of/4, vinosum hydrogenase follows. A schematic 
representationn of the states, together with their IR characteristics, is given in Fig. 1. X-ray 
structuress show that in oxidised, inactive state [NiFe]-hydrogenases have an extra bridging, 
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non-proteinn ligand, located between the Ni and the Fe atoms. It is an oxygen species in case of 
thee D. gigas enzyme {Volbeda 1995; Volbeda 1996), but a sulphur species in the enzyme from D. 
vulgarisvulgaris Miyazaki {Higuchi 1997). Two different oxidised states of the enzyme were initially 
identifiedd by EPR. They both exhibit signals from Ni in the 3 + oxidation state. The two states 
aree called 'ready' (Nir* ) and 'unready' (Niu* ) on basis of their differential rates of activation by 
hydrogenn as monitored by lag phases in activity assays using low-potential electron acceptors. 
Enzymee in the ready state shows a hydrogen-uptake activity within minutes, while the unready 
statee requires hours (Fernandez 1986) for activation. Differences in the proton-hyperfine 
splittingg observed in the gz line of the EPR spectra of the ready and unready enzyme from A. 
vtnosumvtnosum showed that the OH" ligand must be located in a different position in each state 
(Bleijlevens(Bleijlevens 2001). It was therefore proposed that in the ready enzyme the OH" group is no 
longerr in a bridging position between the Ni and Fe. However, recent X-ray structures of 
DesulfovibrioDesulfovibrio fructosovorans [NiFe}-hydrogenase in the Ni r*  state showed that the bridging, non-
proteinn oxygen-containing species in the unready enzyme (Stadler 2002) is also present in the 
readyy form (Volbeda). The only difference is the slightly different position of the oxygen atom 
inn two states. 

Thee Ni(III ) in ready and unready enzymes can be reduced to an EPR-silent Ni(II ) form; the 
correspondingg states are termed Ni,.-S and Niu-S, respectively. In redox titrations in the 
presencee of mediating redox dyes the Ni r*  to Nir-S conversion is an n= 1 reaction (classical 
Nernstt behaviour). Curiously, this conversion is not reversible at 2 °C (Coremans 1992), but 
requiress an elevated temperature (30 °C) to behave as a normal reversible transition. The Niu* 
too Niu-S conversion is a reversible n= 1 reaction (Cammack 1982; Teixeira 1985) even at 2°C 
(Coremans(Coremans 1992). The pH dependence of the mid-point potential of the Niu*/Ni u-S couple 
indicatess that the single electron transfer is accompanied by a single proton transfer. Recent 
infraredd studies suggest that there are two forms of the Nir-S state, which differ in their 
protonationn states (Bleijlevens 2002). The response of IR band arising from the indigenous CO 
off  the Ni-Fe site to reduction is quite different for the ready and unready enzyme forms. For 
thee unready form the 1945 cm"1 band of the Niu*  state shifts to 1948 cm"1 upon reduction to 
thee Niu-S state. Reduction of the ready enzyme shifts the f (CO) band from 1943 cm1 (Nir* ) to 
19100 cm"1 (at pH 9; here called the Nir-S1910 state) or 1931 cm'1 (at pH 6; termed the Nir-S1931 

state)) (Bleijlevens 2002). For the Nir-S state prepared at pH 6 and 2 °C, it has been found that 
thee Ni-Fe distance is 2.60 A, which is 0.25 A shorter than the Ni-Fe distance in oxidised 
enzymee (Davidson 2000). The coordination number of the nickel decreases from five in the Ni r* 
statee to four in the Nir-S state (at low pH). Furthermore, the oxygen ligand could not be 
detectedd in the Ni-EXAFS spectra of the Nir-S state. At room temperature the Niu-S state 
convertss very slowly to the Nir-S state (Coremans 1992; Bagley 1994). The reverse transition has 
beenn observed under reducing conditions in the presence of oxygen (Albracht 1985). In the A. 
vtnosumvtnosum enzyme the Niu*  and Ni r*  states cannot interconvert without reduction. All these 
statess (Niu* , Ni r* , Niu-S and the two Nir-S states) do not display enzymatic activity (Cammack 
2001). 2001). 

Underr reducing conditions and elevated temperatures (T > 30 °C) standard [NiFe}-
hydrogenasess can be activated. X-ray diffraction studies showed that in the reduced enzymes 
thee bridging O or S species is absent, while the Ni-Fe distance is ca. 0.25 A shorter than that 
inn the oxidized enzyme (Garcin 1999; Higuchi 1999). As remarked above, XAFS studies with 
thee A. vinosum enzyme indicated that the removal of the O bridge and the shortening of the 
Ni-FeNi-Fe distance from 2.85 A to 2.60 A has already occurred at the level of the Nir-S state 
preparedd at 2 °C and pH 6.0 (the Nir-S1931 state) (Davidson 2000). However, this state is not 
yett active (Cammack 2001). Hence we consider the view that the OH" bridge in the Nir*  state 
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iss still present in the Ni r-S1910 state, but becomes further protonated at low pH leading to the 
Ni r-S19311 state. At 2 °C the resulting water molecule is no longer co-ordinated to the nickel, but 
i tt is still present in the active-site pocket and sterically inhibits the reaction with H2. We 
proposee that at room temperature the water molecule is released thereby allowing the enzyme 
too convert into an active state, but with no change in its IR spectrum (the Nia-S1931 state; Fig. 
1). . 
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FigureFigure 1. Schematic overview of the different (redox) states of the {NiFe}-hydrogenase from A. vinosum. (I) 
Thee states are those observed in redox titrations. The subscripts "u, r and a" stand for unready, ready and active, 
respectively.. States marked with an asterisk (*) show a S= 1/2 EPR signal due to nickel. EPR-silent states have 
ann S added; SR stands for silent reduced. The number added to each state as a subscript represents the frequency 
off  the KCO) band of the intrinsic CO molecule bound to Fe. The upper block shows states of inactive enzyme 
observedd in dye-mediated redox titrations. The lower block shows the active states and the H2-induced 
transitions.. Dashed arrows represent very slow reactions (periods of hours). (II) Infrared bands arising from the 
activee site are represented as stick spectra. All of the states except two have infrared bands assigned to Vsym(CN), 
vanti(CN)) and v(CO) stretch vibrations. The v(CN) bands are above 2000 cm'1, while the v(CO) bands are below 
20000 cm ', except for the 2054 cm"' band from extraneous CO bound to nickel. The Nir-S193l and Ni,-S states 
havee the same set of infrared bands and can only be distinguished by their activity or by their reactions with CO. 
Enzymee reduced with 1 bar H2 exists in two Ni,-SR states . The Nia-SR1936/Nia-SR192, ratio increases at lower 
pHH values. Frequencies are taken from (Bkijkvens2002), as obtained at 2 cm"1 resolution. Peak positions 
observedd in the present study may differ slightly due to the lower resolution of the SF-FTIR apparatus (4 cm"1). 

Thee Ni-Fe site in active enzyme can exist in three different states, designated Nia-S, Nia-C* 
andd Nia-SR. In the presence of mediating redox dyes plus H2 the Nia-S  Nia-C*  transition is 
reversiblee and involves one electron and two protons (Cammack 1987). This transition also 
occurss with hydrogen alone (no mediating dyes present), but then it is essentially irreversible 
(Coremans(Coremans 1992). The transition is not accompanied by any shift of the v(CN) bands, but the 
KCO)) band shifts some 17-20 c m' to higher frequency. Studies with the H2-sensing protein 
fromm Rahtonia eutropha suggest that this transition might be due to the binding of H2 to the 
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Nia-SS state, whereby the Ni(II ) is oxidised to Ni(III ) (with the electron transferred to the Fe-S 
clusters)) to form the Nia-C*  state (Pierik 1998; Bernhard 2001). It is now generally assumed 
thatt the Nia-C*  state contains a hydride bound to the active site {Cammack 2001), possibly in a 
bridgingg position between the Ni and Fe ions (Foerster 2003). 

Carbonn monoxide is a competitive inhibitor of most {NiFe}-hydrogenases. The treatment of 
thee active enzyme with excess CO results in an EPR-silentstate (Ni a-SCO). FTIR studies 
showedd the binding of externally added CO to the active site in this state (Bagley 1994). 
Recentlyy the crystal structure of a CO-inhibited enzyme has been published (Ogata 2002), 
showingg that CO is bound to nickel opposite to the bridging thiol provided by the last Cys 
residuee in the C-terminus of the large subunit (C533 in the D. gigas enzyme). 

Thee Ni a-C*  state reacts with hydrogen to form the EPR-silent Nia-SR state. The reaction Ni a-
C**  + H2 <=> Nia-SR is the only equilibrium reaction ( n = 2, lH+/e") involving hydrogen and the 
activee enzyme in the absence of redox mediators (Coremans 1992). 

Inn this paper we report the kinetics of the reaction of the A. vinosum hydrogenase in the 
inactivee ready and unready states with H2 and with mixtures of H2 and CO or 02 . Stopped-
Floww Fourier Transform InfraRed (SF-FTIR) spectroscopy (George 1997; Thorneley 2000) has 
beenn used for the first time with any hydrogenase system to continuously monitor infrared 
changess starting ca. 50 ms after initiating the reaction. 

2.. MATERIALS A N D M E T H O D S 

2 .1 .. Enzyme purification and sample preparation 

Thee growth of A. vinosum (strain DSM 185) and the solubilization and purification of the 
membrane-boundd hydrogenase was performed as described previously (Coremans 1992). The 
purityy was checked by SDS-PAGE and by comparing the protein concentration (Bradford 
1976)1976) with the concentration determined by double integration of the EPR signals of nickel or 
thee [3Fe-4S]+ cluster of the oxidized enzyme. Enzyme was dissolved in 50 mM Tris-HCl buffer 
(pHH 8.0), concentrated (80 to 90 jiM)  and stored at - 80 °C. This enzyme solution and buffer 
weree used throughout unless otherwise stated. 

Enzymee mainly in the Ni r*  state was obtained by first fully reducing the enzyme under 1 bar 
H22 for 30 min at 50 °C in a septum-capped bottle. Subsequently, the enzyme was re-oxidized 
att 0 °C by quickly replacing the atmosphere in the bottle with 1 bar 02 by evacuation and 
flushing.. To prepare enzyme mainly in the Niu*  state, the enzyme was first rebuffered in 50 
mMM MOPS buffer (pH 6.3) by repeated concentration and dilution (at least 20 times) in a 
Millipor ee Centricon YM-10 centrifugal filter unit. The enzyme was then incubated for 30 min 
att 50 °C under 1 bar H2. Subsequently, the atmosphere in the bottle was replaced with 1 bar 
COO and the enzyme was then re-oxidised at room temperature by the slow admittance of air 
viaa a thin needle though the septum. Preparations containing a mixture of the Ni r*  and Ni u* 
statess were obtained in the same way as the Ni r*  samples, but with air replacing pure 02 . For 
everyy set of experiments a freshly-thawed batch of enzyme was converted into the required 
state.. This meant that experiments performed on different days, although qualitatively 
reproducible,, could not be compared on a precise quantitative basis, since the procedures 
describedd above to prepare the different states always gave slightly different ratios of ready and 
unreadyy enzyme. 



42 2 

Thee various concentrations of H2, CO or 02 and their mixtures were obtained by diluting gas-
saturatedd buffer with an anaerobic buffer (flushed with oxygen-free N2) or by mixing H2, CO 
andd air-saturated buffer using gas tight Hamilton™ syringes. Dilutions were done in syringes 
withh no head space to avoid equilibration with a gas phase. 

2 .2 .. SF-FTIR measurements a n d data analysis 

Infraredd measurements were performed with a modified Bruker IFS66/S spectrometer (Bruker 
UKK Ltd., Coventry, UK) equipped with an MCT detector cooled with liquid nitrogen. The 
stopped-floww circuit and cell were home-built as described previously {White 1995; George 
1997;1997; Tborneley 2000). The drive system and stopped-flow cell were entirely contained within 
ann anaerobic dry glove box ( <2 ppm 02 ; Belle Technology, Portesham, Dorset, UK) (Tborneley 
2000).2000). The sample cell temperature was maintained at 25 °C for all experiments by means of a 
water-cooledd jacket and thermostated circulation system. The path length of the IR cell was ca. 
500 Jim. The data were collected from 2200 to 1700 cm"1 using a narrow band pass filter 
locatedd in front of the MCT detector to improve the signal to noise level. Typically, for an 
infraredd resolution of 4 c m ', the time resolution was 22 ms per spectrum, and the dead time 
beforee detection was 18 ms. Usually the first two to four spectra were excluded from the data 
analysiss due to high drifts of the background absorption related to slight cell deformations 
immediatelyy after mixing. During the SF-FTIR experiments the enzyme syringe (syringe 1) 
containedd hydrogenase preconditioned as described in the text. The reactant syringe (syringe 2) 
containedd the standard buffer (50mM Tris-HCl, pH 8.0) with the additions specified in the 
text.. Data were analysed using the Bruker OPUS NT software package. 

2 .3-- E P R measurements 

EPRR spectra and integrations were obtained as described previously (Kurkin 2002). Enzyme 
sampless used for SF-FTIR measurements were routinely characterised by EPR spectroscopy 
usingg a X-band Bruker 200D spectrometer interfaced with an ESP 1600 computer and fitted 
too an Oxford Instruments ER900 liquid helium cooled flow cryostat. 

2 .4.. Act iv i ty measurements 

Activit yy measurements, for studying the activation of the enzyme, were performed 
polarographicallyy by measuring the hydrogen concentration in a cell (2 ml) with a Clark-type 
electrodee (type YSI 5331) (Coremans 1992). The H2-uptake activity assay with benzyl viologen 
ass the electron acceptor was performed by adding a sample of the as-isolated, oxidised 
hydrogenase,, flushed with Ar, to a solution of Ar-flushed Tris-HCl buffer (50 mM, pH 8.0), 
BVV (4 mM), H2, (40 |_iM) glucose oxidase (13 mg/ml; xx U/mg), and glucose (20 mM). 

3 .. R E S U L TS A N D D I S C U S S I O N 

3 . 1 .. React ions o f mixtures compris ing ready and unready forms o f the enzyme 

3.1.1.. Reaction with excess of hydrogen 

Previouss H2-BV activity measurements, the ready and unready states of standard fNiFe}-
hydrogenasess differ in their ability to react with hydrogen under anaerobic conditions. Enzyme 
inn the unready state (Niu* ) needs a long time (hours) before it starts to react with hydrogen, 
whilee the ready state (Ni r* ) requires only minutes (at 30 °C) to become fully active. For the 
firstt t ime we have directly monitored the infrared changes of the enzyme after mixing it with 
H 22 in the SF-FTIR apparatus. In the first experiment we used enzyme comprising both ready 
andd unready forms. The hydrogen concentrations after mixing was 400 |iM, while the final 
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enzymee concentration in all experiments described in this chapter was 40-45 (iM . Virtually no 
changess were observed over the first 40 s (Fig. 2, I, traces A and B; Fig. 3, trace A). Then the 
19444 cm"1 band, which is, in this case, a composite of the 1943 cm"1 band from the Ni r*  state 
andd the 1945 cm"1 band from the Ni u*  state, started to decrease in amplitude and a band at 
19488 cm"1 appeared (initially as a shoulder) together with small bands at 1936 and 1921 cm"1. 
Thee latter two bands are due to the Nia-SR states. The 1948 cm"1 band is mainly due to the 
Niu-SS state, since its time course is the same as of a smaller but clear band at 2100 cm"1 (an 
assignedd i>(CN) band), which is characteristic of the Niu-S state (see Fig. 1 for an overview). As 
alreadyy known from EPR studies (Coremans 1992), and as shown later on in this paper, active 
enzymee in the presence of excess H2 is mainly in the Nia-SR state. Only 10 to 15% remains in 
thee Ni a-C*  state. Therefore, in Fig. 2, traces D to G, less than half of the enzyme molecules are 
inn the Nia-SR state. In addition, a small percentage of the enzyme (about 5%) must be in the 
Ni a-C**  state, characterised by a v{CO) band around 1950 cm"1. This small band is obscured by 
thee more intense 1948 cm"1 band of the Niu-S state. Therefore, between 1 and 10 min the 
spectrumm represents a mixture of the Niu-S, Nia-C*  and Nia-SR states. 
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FigureFigure 2. The reaction of a mixture of ready and unready enzyme with hydrogen. Syringe 1 was filled with 80 
uMM enzyme (pH 8.0) Syringe 2 contained buffer with various hydrogen concentrations. (I) Syringe 2 contained 
8000 (iM H2. After mixing (1:1, v/v) spectra A to H were obtained at the indicated times. (II) Spectra obtained 
100 min after mixing with buffer with different hydrogen concentrations (concentrations after mixing as 
indicated). . 

Thee time dependence of the absorbance change at 1944 cm"1, with the absorbance at 
19633 cm"1 used as a reference, is shown in Fig. 3-A. It can be clearly seen that after a lag phase 
off  about 40 s, the absorbance decreases over the next ca. 20 s and then becomes nearly 
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constantt ca.60 s after initiating the reaction. This experiment suggests that the unready 
enzymee is reduced to the Niu-S state, while the ready enzyme is reduced to an equilibrium 
mixturee of the active enzyme states. The experiment does not reveal whether enzyme in the 
Ni u**  state can react directly with hydrogen. As seen in Fig. 2-1, traces D to H, and in Fig. 3-A, 
thee amplitude of the 1948 cm"1 band slowly declines with time and the bands at 1936/1921 
cm"11 become stronger. We interpret this as the slow conversion of the Niu-S state to the Ni r-S 
state.. The latter then converts to the Nia-S state, which reacts with H2 to form an equilibrium 
mixturee of the active states (Fig. 1). The experiment shows that the reduced unready enzyme is 
quitee unreactive with respect to H2, even at 25 °C. 

FigureFigure 3. Time dependence of the decrease in amplitude of the 1944 cm' hand in the experiment shown in 
Fig.Fig. 2. The absorbance at 1963 cm"' was used as a reference. 

3.1.2.. Reaction with low and stoichiometric hydrogen concentrations 

Figs.. 2 and 3 show the reaction with low and stoichiometric concentrations of hydrogen (200, 
1000 and 50 (J.M with 40-50 p.M enzyme). The spectra obtained 10 min after mixing are shown 
inn Fig. 2-II . With 200 uM H2 a lag phase of about 20 s was observed (Fig. 3-B). As was 
observedd for the reaction with 400 (iM H2, the 1944 cm"1 band declined in amplitude, while a 
shoulderr at 1948 cm"1 appeared together with bands at 1936 and 1921 cm"1. At lower 
hydrogenn concentrations the kinetics of the changes at 1944 cm"1 were unchanged (Fig. 3, C-
D).. In all cases the spectra obtained after 10 min diagnostic of a mixture of several states. The 
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compositionn of the mixture depended on the hydrogen concentration. At 400 and 200 jiM H2 

thee Nia-SR states (1936/1921 cm"1) were clearly present. In these cases a small peak at 
19500 cm"1 from the Nia-C*  state is also to be expected. The major peak in the spectra obtained 
withh 400, 200 and 100 JiM H2 was the band at 1948 c m '. Since also a clear v(CN) band at 
21000 cm"1 is present in these spectra, the 1948 cm"1 band is ascribed to the Ni„- S state. Wi th 
1000 jaM H2 no bands from the Nia-SR state were observed. However, a small band at 
19311 cm"1 was clearly noticable. At 50 |iM H2 with 45 (J.M enzyme (essentially stochiometric) 
onlyy two f(CO) bands at 1945 and 1931 cm'1 were observed. The 1945 cm"1 band is assigned 
too unreacted enzyme in the Niu*  state. The 1931 cm'1 band is formed by the reaction of Ni r* 
enzymee with H2, and belongs to the Ni r-S1931 (or Nia-S) state. In all of these experiments a very 
weakk band at 1911 cm"1 shifted to 1908 cm1 together with a decrease in the 1944 cm"1 band. 
Mixin gg 45 JiM with 100 uM H2 resulted in weak transient bands from the Nia-SR states. With 
500 |J,M H2 no transient Nia-SR states could be observed; instead only a weak transient band 
fromm the Nia-C*  state was present in spectra. 

Duringg experiments with several different freshly-prepared mixtures of ready and unready 
enzyme,, we noticed that the duration of the lag phase was highly dependent on the 
preparation.. Within a set of experiments with one preparation, however, the results obtained 
withh different amounts of hydrogen were reproducable, i.e. the lag phase was not dependent on 
thee hydrogen concentration. We also noticed that it was important to carefully remove all 
residuall  oxygen from the enzyme solution before the starting the experiments. This is probably 
thee reason for the slightly longer lag phase in Fig. 3 A, since this was the first experiment in a 
series. . 

Iff  1 mM MV was added to the H2-saturated buffer in the reagent syringe, then the lag phase 
shortenedd considerably and the 1944 cm'1 disappeared more rapidly (not shown). When 
4000 uM dithionite plus 1 mM MV were present in the H2-saturated buffer, then no lag phase 
wass observed anymore and the reaction was completed within 10 s. A weak 2100 cm'1 band 
showedd that the Niu-S state was still formed. Clear bands at 2087 and 2074 cm"1 were 
observedd as well, indicating the formation of the Nia-C*  state. Also 1936/1921 cm"1 bands can 
bee clearly seen. 

Thesee experiments clearly show that ready enzyme reacts faster with H2 than does unready 
enzyme.. They also show that the rate of the reaction with H2 is not dependent on the H2 

concentrationn over a twenty fold range (400 to 50 (J.M ) down to a concentration 
stoichiometricc with that of the enzyme. However, the interpretation of the above experiment is 
complicatedd by the presence of the large amounts of both ready and unready forms of the 
enzyme.. Therefore we repeated these experiments with enzyme iether predominantely in the 
readyy or in the unready state. 

3.2.. React ion be tween H 2 and enzyme in the Ni r* state 

3.2.1.. Effect of different hydrogen concentrations 

Thee A. vinosum enzyme can be converted to 95% or more into the Ni r*  state by full activation 
withh H2 at pH 9-0 followed by subsequent oxidation of the enzyme by a quick dilution into 
oxygen-saturatedd buffer {Bleijlevens 2001). We obtained concentrated enzyme preparations (80 
|j.M)) with 95% of the enzyme in the Ni r*  state, as determined by EPR, following essentially 
thee same procedure as outlined in the Materials and Methods section. Enzyme in this state was 
thenn mixed with H2-saturated buffer. The overall profile of changes was the same as described 
above,, except that the lag phase was much shorter. 
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Thee changes at 1943 (disappearance of the Ni r*  state), 1950 (formation of the Nia-C*  state) 
andd 1936 cm"1 (formation of the Nia-SR state) are shown in Fig. 4-1. The final spectrum did 
nott show any of the 2100 cm"1 band arising from the Niu-S state (Fig. 4-1V, trace A), 
confirmingg that initiall y the enzyme was mainly in the ready state. The experiment shows that 
(att 2 5 °C and with 40 (J.M enzyme) the ready state can react with H2 within a few seconds 
(decreasee of the 1943 cm"1 band) and that the subsequent reactions with hydrogen resulting in 
thee equilibrium mixture of the active states could not be time resolved. 

Wee have also performed the same type of experiment with progressively lower hydrogen 
concentrationss i.e. 200, 100, 50, 25, and 12.5 (iM H 2 . The lag phase preceding the decrease of 
thee 1943 cm'1 band did not change noticeably. The time courses for the reactions with 25 and 
12.55 (J.M H2 are shown in Fig. 4, II and III . Although the initial rate of the reaction was not 
dependentt on the hydrogen concentration, the rate towards the end of the reaction was slightly 
diminished. . 

Although,, it should be noted that some of these hydrogen concentrations are lower than that 
off  the enzyme (40 (J.M), the lag phase and the initial rate of decrease of the 1943 cm"1 band 
weree not affected. This suggests that the ready enzyme has a very high affinity for hydrogen. A 
clearr difference between the experiments with several different hydrogen concentrations was 
thee final redox state of the enzyme (Fig. 4-IV). At the higher concentrations (100 to 400 JiM 
H2)) an equilibrium mixture of the Nia-SR (1936/1921 cm"1 bands) and Nia-C*  (1950 cm"1) 
statess was obtained. The final spectrum obtained with H2 concentrations (25 and 12.5 fiM ) 
lowerr than that of the enzyme (40 \\M.) looked very similar, but quite different from those 
obtainedd with > 100 |iM H2 . The main band was at 1931 c m' and is due to the N^ -S /Nv 
S19311 states. Small bands were observed at 1910 cm"1 (Ni r-S]910 state) and 1943 cm"1. During 
thee time courses with the two lowest H2 concentrations, within the first 40 s when the 1943 
c m'' band had decreased, there was a remarkable transient appearance of a band at 1950 cm"1. 
Thee explanation is as follows. The reaction with H2 is a two-electron process, while the redox 
changee of the Ni at the active site is a one-electron reaction. It is now necessary to introduce 
thee following short-hand notations for the various enzyme species where in addition to the Ni -
Fee centre, the Fe-S clusters also undergo redox changes. The ready state can be written as 
Fe2 +(OH")Ni 3 +.P2 +M +D2++ where OH" stands for the bridging oxygen species, P2+ for the 
oxidisedd proximal {4Fe-4S}2+ cluster, M + for the oxidised medial [3Fe-4S]+ cluster and D2+ for 
thee oxidised [4Fe-4S]2+ cluster. We wil l also refer to this state as Ni r*(ooo), where o stands for 
ann oxidised Fe-S cluster (order: proximal, medial and distal). 

Whenn the concentration of H2 was less than that of the enzyme (see Fig 4), the data are 
consistentt with the following sequence of events. Initiall y H2 reacts with the Ni-Fe centre to 
formm the Ni r-S1931 state: 

Fe2 +(OH")Ni 3 +.P2 +M +D2++ + H2 -» Fe2 +(OH2)Ni 2 +.P2 +M°D 2+ + H + (1) 

Ass the Fe is six coordinate in the inactive enzyme, and the Ni is five coordinate, the reaction 
withh H2 is more likely to occur at the vacant co-ordination site on the Ni . We suggest that the 
bridgingg hydroxyl group acts as a base to promote the heterolytic cleavage of the H2 molecule 
onn the Ni . The Ni-hydride is then oxidised by the 3 Fe cluster resulting in the release of a 
proton,, the one electron reduction of the 3Fe centre and the Ni . The reaction can also be 
writtenn as: 

Ni r*(ooo)) + H2 -> Nir-S1931(oro) + H + (2) 
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FigureFigure 4. The reaction of ready enzyme with different hydrogen concentrations. Syringe 1 contained 80 |lM 
enzymee which was 95% in the Ni r*  state. Syringe 2 was filled with buffer containing different hydrogen 
concentrations.. The panels I to II I show the time-dependent changes of selected IR bands after mixing with 
bufferr containing 800 |lM H2 (I), 50 liM H2 (II) and 25 |xM H2 (III) . Panel IV shows the infrared spectra 
obtainedd 10 min after mixing with five different hydrogen concentrations (concentrations after mixing as 
indicated). . 
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Att 25 °C, the water molecule is released from the active-site pocket in seconds producing the 
Ni a-SS state. This state has a very high affinity for H2 which it binds as a hydride in an 
extremelyy fast reaction to form the Ni a-C*  state. During this reaction the Ni is oxidised and an 
electronn is transferred to the proximal cluster: 

Fe2 +-N i 2 +.P2 +M +D 2++ + H2 -» Fe2 +(H)Ni 3 +.P+M°D 2+ + H + (3) 

Sincee the redox potential of the distal cluster is higher than that of the proximal cluster 
(Lindahl(Lindahl 2002), the electron should ultimately be located on the distal cluster. 

Figure.Figure. 5. Mixing of different concentrations of enzyme in the Ni* state with 800 fiM H2. The three traces 
showw the time-dependent changes of the 1943 cm"1 band for 40 uM, 20 uM and 10 uM enzyme (final 
concentrations). . 

Sincee there is not enough H2 in the reactions with 25 and 125 yiM H2 to reduce all of the 
enzyme,, the excess enzyme wil l remain completely oxidised. This oxidised enzyme may be 
reducedd by slow intermolecular electron transfer from the, low-potential, reduced [4Fe-4S] 
clusterr present in enzyme that has reacted with H2. The data in Fig 4 indicate that the 
reducingg equivalents from the bound hydride are also redistributed, since a clear transient 
increasee of the 1950 cm"1 band was observed. Thus, with these sub-stoichiometric amounts of 
H22 the final products are a mixture of oxidised enzyme (Ni r*  state; 1943 cm"1), enzyme in the 
Ni r-S1931/Ni a-SS states (the major part; we cannot distinguish between these two states by 
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infraredd spectroscopy), enzyme remaining in the Nia-C*  state, and a small amount of the Ni r-
S19100 state (which has an OH" bridge present). 

3.2.2.. Effect of varying the enzyme concentration on the reaction with hydrogen 

Inn these experiments the hydrogen concentration was kept constant (400 (iM) . An enzyme 
preparationn with at least 90% in the Ni r*  state was used at final mixed concentrations of 40, 
20,, and 10(iM. The changes observed at 1943 cm"1 are shown in Fig. 5. The lag times and 
ratess of reaction were comparable at all three enzyme concentrations. This is consistent with 
hydrogenn reacting directly with the active site in the ready enzyme and without any further 
intermolecularr enzyme reactions. 
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Figure.Figure. 6. The effect of oxygen on the reaction of enzyme in the Ni* state with hydrogen. The conditions were 
ass in Fig. 2, except that syringe 2 was filled with buffer containing: 200 uM H2 (traces A); 200 uM H2 + 25 
uMM 02 (traces B); 200 uM H2 + 62.5 uM 02 (traces C). The concentrations after mixing are given in the 
figure. . 

3.2.3.. Effect of the presence of 0 2 on the reaction with H2 

Inn order to understand the reason for the short lag phase in the reaction of the ready enzyme 
withh hydrogen, we investigated the possibility that this was caused by traces of oxygen in the 
solutions.. We therefore mixed in the SF-FTIR apparatus an anaerobic enzyme solution with 
bufferr containing known concentrations of hydrogen and oxygen. The control experiment with 
2000 |JM H, is shown in Fig. 6, trace A. The reaction between the enzyme and H2 showed the 
samee lag phase in the presence of 25 |xM 02 and a slightly extended lag phase with 62.5 (J.M 
O,O, (Fig. 6). The rate of the reaction decreased only with 62.5 |-iM 02 . After 10 min the final 
ratioo of states was essentially the same. This experiment clearly shows that oxygen has only a 
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smalll  effect on the reaction between hydrogen and the ready enzyme. In the absence of oxygen, 
thee final hydrogen concentration after completion of the reaction is about 200 uM minus the 
amountt of H2 consumed by the enzyme during the reaction. In the presence of 62.5 |^M 02 , it 
wass anticipated that the oxygen would consume 125 |aM H2 and so the reducing equivalents of 
755 nM of H2 would remain for equilibration with 40 (iM enzyme. This final condition is 
comparablee to that of the reaction in the absence of added oxygen with 100 |iM H2 (Fig. 4). 
Indeedd the spectrum obtained after the reaction with 200 (iM H2 plus 62.5 | iM 0 2 (Fig. 6-II, 
tracee C) is very similar to Fig. 4-IV, trace C. It differs from the spectra with 200 |iM H2 (Fig. 
6-11,6-11, trace A and Fig. 4-IV, trace B); the latter spectra clearly show a higher degree of 
reductionn (lower intensity of the 1950 cm"1 band from the Nia-C*  state). This shows that the 
oxygenn in the experiment of Fig. 6 is consumed. This important observation is corroborated by 
thee inhibiting effect of oxygen displayed in the kinetic trace (longer lag phase, slower rate; Fig. 
6-1,, trace C). From this trace the turnover rate for oxygen consumption is estimated to be 
aboutt 0.02 s" . This is a very slow reaction; it is four orders of magnitude slower than the 
turnoverr in the H2-BV reaction (470 s"1). 

3 .3.. Reac t ion o f hydrogen wi th enzyme in the N i u * state 

Enzymee 90% in the Ni u*  state (determined by EPR) at pH 6.3 was prepared as described 
previouslyy (Bletjlevens 2001). This enzyme (ca. 100 uM) was mixed with H2 at pH 6.3 in the 
SF-FTIRR . A long lag phase was observed with no spectral changes until 120 s had elapsed 
(Fig.. 7). Then the slow disappearance of the 1945 cm"1 band commenced and simultaneously, a 
strongg KCO) band at 1948 cm"1 and two faint bands at 1936 and 1921 cm'1 appeared. 
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FigureFigure 7. The reaction of hydrogen with unready enzyme. Syringe 1 contained enzyme that was 90% in the 
Ni,**  state (in buffer at pH 6.3). Syringe 2 contained buffer (pH 6.3) saturated with H2 (800 uM). (I) Three-
dimensionall  representation of the spectral changes occurring during a 10 min time course. The time axis runs 
fromm the back to front. The arrows indicate key features in the spectra. The first four spectra have a small 
backgroundd shift due to a slight expansion of the infrared cell that occurs immediately after mixing. (II) Time-
dependentt changes of the 1944 and 1948 cm"1 bands, using the absorbance at 1963 cm"1 as a reference. 
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Inn the y(CN) region clear bands at 2100 and 2088 cm"1, characteristic of the Niu-S state, were 
observed.. This means that the KCO) band at 1948 cm"1 must be ascribed to the Niu-S state. 
Thee weak f(CN) bands at 2072 and 2059 cm"1, together with the weak KCO) bands at 1936 
andd 1921 cm"1, demonstrate the presence of a small amount of the Nia-SR state. We conclude 
thatt the small amount of ready enzyme in the preparation (10%) was responsible for the 
reactionn with H2. As shown above, these enzyme molecules react rapidly with H2 and are 
convertedd into the active states (Nia-C*  plus Nia-SR). Intermolecular electron transfer from 
reducedd enzyme to oxidised unready enzyme results in the reduction of the latter to the Niu-S 
state.. As indicated by the slow decrease of the 1948 cm"1 band, the resulting Niu-S state then 
slowlyy disappears. We interpret this as a conversion to the Ni r-S state. This state then rapidly 
convertss into active enzyme which can react with H2. The experiment indicates that the Ni,,* 
statee does not rapidly react with H2. However, the data do not exclude a slow reaction with 
H2.. The Niu-S state appears to be non-reactive towards hydrogen. 

3-4.. React ion o f hydrogen with a mixture o f ready and unready enzyme in the 

presencee of CO 

Carbonn monoxide is a strong inhibitor of hydrogenases. It only binds to active enzyme and this 
propertyy can be used to trap active enzyme either present in the untreated preparation or 
formedd after the reaction of enzyme with hydrogen. Upon mixing CO-saturated buffer with a 
mixturee of ready and unready enzyme in the SF-FTIR apparatus, we only observed a very 
smalll  amplitude for the band at 1929 cm"1 arising from the Ni a-SCO state (Fig. 8-1). We 
estimatee that < 2% of the untreated preparation was present in an active state. 

'' ' ' I I | I I I i ! I • I I 1 I I 
20000 1900 1800 

Wa/enunbe rr  (cm- 1) 

II I 

A . Q J J - A Ï J J 

A I Ö O Q - A , ! ! 

00 100 200 

Timee (s) 

FigureFigure 8. Reaction of a mixture of ready and unready enzyme with CO in the absence and presence of 
hydrogen.hydrogen. Panel I: (A) Spectrum of the untreated enzyme used in this experiment (pH 8.0); (B) Spectrum 10 
minn after mixing with buffer containing 1 mM CO; (Q Spectrum 10 min after mixing with buffer containing 
8000 |J.M CO and 160 fiM H2. Panel II : Time- dependent changes of the 1944 and 1929 cm'1 bands. 



52 2 

Whenn both H2 (80 jiM ) and CO (400 J4.M) were present after mixing, then the 1929 cm"1 

bandd of the Nia-S CO state appeared with a rate comparable to that of the decrease of the 
19444 cm"1 band (Fig. 8-1, trace C and Fig. 8-II). The t<CO) band at 2053 cm"1 from the 
extraneouss CO bound to Ni was also clearly present. We ascribe these changes to the rapid 
reactionn of ready enzyme molecules in the solution with H2 and the subsequent rapid reaction 
off  this activated enzyme with CO. The NvS-CO state cannot react with H2, so the reaction 
withh H2 ceases after all of the H2-activated ready enzyme has been trapped in this state. The 
finall  spectrum (Fig. 8-1, trace C) also shows a large #(CO) band at 1945 cm"1. This band is 
alreadyy present as a shoulder in the control experiment (trace A). The amplitude of this band 
didd not change between 30 s and 10 min. As no 2100 cm'1 band could be detected, we assign 
thiss band to enzyme in the Niu*  state. This experiment directly demonstrates that enzyme in 
thee unready state cannot react with H2 at 25 °C. 

3.5.. Reactions of hydrogen with a mixture of ready and unready enzyme at 
differentt enzyme concentrations 

Thee influence of the total enzyme concentration on the reaction with H2 was also studied. A 
preparationn containing 35% ready and 65% unready enzyme was used. The results obtained 
withh three different enzyme concentrations are presented in Fig. 9. As before, the 1944 cm 
bandd decreased, while a 1948 cm1 band (Niu-S) increased in intensity. Bands from the NÏ.-SR 
statess at 1936/1921 cm'1 were also detected, but only after the 1944 cm*1 band had started to 
decrease.. There was a very pronounced dependence of the duration of the lag phase on the 
enzymee concentration: with more diluted enzyme the lag phase increased and the rate of the 
reactionn (decrease of the 1944 cm"1 band) decreased. We explain these results as follows. Ready 
enzymee in the mixture reacts rapidly with H2 and becomes reduced (se also Fig. 7). Reduced 
enzymee then transfers electrons to the unready enzyme in an intermolecular reaction. Since this 
ratee decreases on diluting the enzyme, complex formation between the two enzyme forms must 
bee weak i.e. second order kinetics. 

Thesee results are somewhat puzzling. After a certain lag phase ready enzyme in the mixture 
wil ll  reacts with H2 and becomes active. Subsequently it transfers electrons to unready enzyme 
inn an intermolecular reaction. The rate of the overall process, i.e. the disappearance of the 
19444 cm"1 band, clearly decreases upon diluting the enzyme. The relative rates are estimated as 
10,, 3 and 1 for 40, 20 and 10 \xM enzyme, respectively. The deviation from a second order 
reactionn (squared dependence on total enzyme concentration) can be explained by weak 
complexx formation between the two enzyme forms. Such complexes are not uncommon for 
solubilizedd membrane-bound enzymes. When expressed in absorption units, the changes in 
amplitudee of the 1944 cm"1 band in Fig. 10 relate as 4.17, 1.98 and 1 for 40 uM, 20 uM and 
100 (iM enzyme, respectively. This and the fact that only one phase is observed indicate that 
thesee amplitude changes represent the disappearance of both the Nir*  (1943 cm') and Niu* 
(19455 cm ') states, in agreement with the final spectrum in Fig. 8. What we presently do not 
understandd is the dramatic increase of the lag phase at lower enzyme concentrations. 
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FigureFigure 9. Effect of changing the enzyme concentration on the reaction of hydrogen with a mixture of ready 
(66%)(66%) and unready (33%) enzyme. Syringe 2 contained buffer with 800 uM H2. Syringe 1 contained 80 uM 
(A),, 40 uM or 20 uM enzyme (concentrations after mixing are indicated). 

3.6.. T h e rate o f activation as observed in the hydrogen uptake activity assay 

Standardd H2-BV activity measurements were also performed with a preparation containing 
aboutt equal amounts of ready and unready enzyme. The reaction vessel contained BV and H2, 
ass well as glucose plus glucose oxidase to remove residual oxygen. The Ar-flushed enzyme was 
injectedd into the reaction vessel and the lag time until the hydrogen uptake started was 
measured.. The lag time was clearly dependent on the enzyme concentration (Fig. 10): the 
higherr the enzyme concentration in the assay, the shorter the lag phase. Already at the lowest 
enzymee concentrations used (5 nM) the lag phase was similar (130 s) to that observed in the 
SF-FTIRR experiments, where 0.02 mM enzyme was used. We have seen similar effect in FTIR 
measurementss when 0.5 mM MV was present in the system. There was no lag phase observed 
anyy more showing that the presence of smaller electron transfer molecules significantly affects 
thee activation of the enzyme. Taking into account the experiments with the mixture of ready 
andd unready enzymes in SF-FTIR, one can conclude that probably only ready state gets 
activatedd and forms catalytically active enzyme under these conditions. 

Thee long lag phase and the slow reduction of the mixture of ready and unready enzyme 
moleculess was also observed in stopped-flow spectrophotometric experiments when the 
reductionn of the Fe-S clusters was monitored at 411 nm (data not shown). 
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FigureFigure 10. The activity measurement with the inactive enzyme: concentration dependence. The activity was 
measuree as described in Materials and Methods and was measured in anaerobic environment. The time before 
thee hydrogen uptake could be measured at each enzyme concentration is shown. 

4.. CONCLUSIONS 

Thee experiments in this study demonstrate that enzyme in the Ni r*  state, after a lag phase of 
aboutt 2 s, directly reacts with H2. The lag phase as well as the initial rate of this reaction 
(t1/22 = 13 to 18 s) are not dependent on the concentrations of enzyme or H2, even with sub-
stoichiometricc H2 concentrations (Figs. 4, 5). Hence the rate-limiting step in this reaction 
occurss after the formation of the enzyme-substrate complex (ES): 

E+SS -> ES -> EP 

Onlyy at sub-stoichiometric hydrogen concentrations did the last phase of the reaction slow 
down.. This demonstrates that the affinity of the ready enzyme for H2 is very high. Under our 
conditions,, the presence of oxygen (Fig. 6) increased the lag phase (3 s to 18 s with 25 JxM and 
62.55 |xM 02 , respectively with 200 [iM  H2) and slowed down the reaction rate (t1 /2 20 s to 45 
ss at 25 ^M and 62.5 p.M 02 , respectively). These experiments indicate that oxygen was 
reducedd slowly by the enzyme (0.02 s"1). At sub-stoichiometric H2 concentrations (Fig. 4, II 
andd III ) a band at 1931 cm"1 appeared concomitant with a decrease in the 1943 cm"1 band. 
Hencee we conclude that the Ni r*  state is directly converted to the Ni t-S1931 state: 

Fe2(OH")Ni 3 +.P2 +M +D2++ + H2 - *  Fe2(H2O)Ni2+.P2+M 0D2+ + H + (4) 

Initiall yy a heterolytic cleavage of H2 occurs at the nickel, accompanied by protonation of the 
OH"" bridge. This is immediately followed by the single electron reduction of both the Ni and 
thee 3Fe cluster by the two electrons from the hydride and the release of a proton. Earlier 
studiess indicated that the water molecule in the Ni r-S1931 state is no longer bound to nickel and 
thee Ni-Fe distance is 0.25 A shorter than in the Ni r*  state (Davidson 2000). We propose that 

lagg time 

time e 
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thiss conformational change is the rate-limiting step in the reaction of the Ni r*  state with 
hydrogen.. At 25 °C the Ni r-S1931 state (with a water molecule near the active site) is in a rapid 
equilibriumm with the Nia-S state (no bridging water molecule). If excess H2 is present, then the 
Ni a-SS state reacts rapidly with H2. This leads to the disappearance of the Ni r-S1931 state and the 
formationn of an equilibrium mixture of active states (Fig. 11). 

Enzymee in the Ni u*  state cannot react directly with H2 presumably due to the presence of the 
OH"" bridge between Ni and Fe. Reduction to the Ni u*  state at the expense of H2 can only 
occurr via intermolecular reactions with reduced active enzyme molecules. This explains why 
thee rate of this reaction is strongly dependent on the enzyme concentration but not on the H 2 

concentrationn (Figs. 3 and 8). This is also consistent with the considerable increase in the lag 
phasee at lower enzyme concentrations. We speculate that the lag phase is caused by the 
reductionn of oxygen molecules bound within gas channels in the enzyme. As expected, the 
reductionn of the Fe-S clusters by H2, as monitored spectrophotometrically at 411 nm, also 
showw this long lag phase (data not shown but see summary scheme in Fig. 11). 
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FigureFigure 11. Overview of the reactions of the A. vinosum (NiFej-bydrogenase with hydrogen. The only states 
thatt can react with H2 are the Ni,* , Nia-S and Nia-C*  states. The Nia-SR state can release H2, but the Nir-S1931 

statee can not. The Niu*/Ni u-S and Ni r*/Ni r-S redox transitions can only occur with electrons provided by redox 
dyess or by reduced, active enzyme molecules via an intermolecular reaction. The reaction of H2 with the Ni,* 
statee directly results in the Ni,-S1931 state. The bridging OH" is thereby protonated to water. The water molecule 
iss no longer bound to the active site and the Ni-Fe distance decreases. Activation is achieved by the removal of 
thiss water molecule 

Enzymee in the Niu-S state does not react directly with H2. Since in redox titrations the 
transitionn Ni ü*  ~7 Niu-S consumes one electron and one proton, we assume that also in this 
casee the proton might be taken up by the hydroxyl bridge. The Ni-Fe distance and the co-
ordinationn numbers in both states are the same (Davidson 2000). Hence, the charge 
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compensationn supplied by the proton is more effective than in the case of the ready enzyme, 
wheree the water molecule (oxygen atom) is no longer bound to the nickel. This may also 
explainn the opposite shifts in the f(CO) bands upon reduction: from 1945 to 1948 cm'1 for the 
Ni u*/Niu- SS transition and from 1943 to 1931 cm'1 for the Ni r*/Ni r-S transition. The N^-S 
statee can very slowly convert into the Nir-S state (presumably the 1931 cm'1 form). This is 
presentlyy envisaged as a shift in the position of the water molecule bound in the active-site 
pocket,, which allows H2 to reduce the enzyme. 

Additionaly,, when mixtures of ready and unready enzyme were reacted with H2 plus reduced 
MV ,, no lag phase was observed and the reaction was complete within 10 s (not shown). The 
finall  spectrum showed a mixture of the N^-S and the active states. This is a direct indication 
thatt the presence of reducing equivalents significantly reduces the lag phase. 

Forr clarity, the major conclusions of this study are summarised below and depicted in Figure 
11. . 

1.. Enzyme in the unready state, either oxidized (Niu* ) or reduced (Niu-S) does not react with 
H2.. The Ni u*  state can only be reduced via an intermolecular reaction with reduced active 
enzyme,, or by reduced artificial electron donors. Under reducing conditions the Niu-S state 
slowlyy (hours) converts to the Ni r-S state, which subsequently activates. This is the only route 
forr activation of unready enzyme. 

2.. Enzyme in the Ni r*  state has high affinity for H2. After a lag phase of about 6 s, the enzyme 
iss reduced. The rate of reduction is the same with H2/enzyme concentration ratio's of 10 down 
too 0.05. The Ni r*  state is directly converted to the Ni r-S1931 state in the initial reaction with 
hydrogen.. I t is proposed that the bridging OH" in the active Ni-Fe site functions as the base 
forr the heterolytic cleavage of H2 in this reaction. At 25 °C the inactive Ni r-S1931 state converts 
too the active Nia-S state within seconds. These reactions form the basis of the mechanism of 
activationn of ready enzyme by H2. It is concluded that the (3Fe-4S) cluster plays a vital role in 
thiss activation. The [NiFe]-hydrogenases without such a cluster must use a different reaction 
routee for activation. 

3.. Oxygen delays the reaction of ready enzyme with H2, but it does not prevent it. In the 
presencee of hydrogen, ready enzyme reduces oxygen with a rate of ca. 0.02 s"1. 
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