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MEMBRANE-BOUN DD [NIFE]-HYDROGENAS E FROM 
ALLOCHROMATIUMALLOCHROMATIUM VINOSUM 

SimonSimon J. George1, Sergei Kurkin2, Roger N.F. Thorneley1, Simon P.J. Albrachf 

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

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

Amsterdam,Amsterdam, The Netherlands 

Thee active site of the membrane-bound {NiFe]-hydrogenase from Allochromatium vinosum can 
existt in at least seven different states, each with characteristic EPR and FTIR properties. We 
havee studied the transitions between these states by stopped-fiow Fourier-transform infrared 
spectroscopy.. The data show that a rapid reduction of active enzyme by dihydrogen requires 
onee oxidized f.4Fe-4S}  cluster. The Nia-S state (Ni2+), in which all of the cubane clusters are 
oxidized,, rapidly bound dihydrogen to form the Nia-C*  state (Ni3+) with one cubane cluster 
reduced.. This partially reduced state reacted with a second equivalent of dihydrogen to form 
thee Nia-SR state (Ni2+) with all of the cubanes reduced. Enzyme in the Nia-S state with all 
clusterss reduced could rapidly bind dihydrogen to form the Nia-SR state without any redox 
reactions.. When one of the clusters was oxidized, however, the binding of dihydrogen resulted 
inn a Nia-C*  state with all clusters reduced; this state could not be further reduced by 
dihydrogen.. The competition between dihydrogen and carbon monoxide for binding to the 
activee site was dependent on the redox state of the nickel ion. Formation of the Nia-SCO state 
(Ni2+)) was very fast by mixing carbon monoxide with enzyme in the Nia-SR or Nia-S states 
(Ni2+).. The reaction of CO with enzyme in the Nia-C*  state (Ni3+) was considerably slower. 
Thee reaction of active enzyme with excess dioxygen was a very fast reaction. The results are 
discussedd in the light of our present knowledge of the A. vinosum enzyme. 
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1.. INTRODUCTION 

Hydrogenasess (reaction: H2 <=> 2 H+ + 2e") are among the oldest enzymes in nature. They are 
thee key enzymes for hydrogen metabolism in bacteria {Odom 1984). The understanding of the 
catalyticc mechanism of these enzymes is of potential biotechnological interest. Depending on 
thee transition-metal content three classes of hydrogenases can be distinguished: {NiFe} -
hydrogenases,, [Fe]-hydrogenases and metal-free hydrogenases {Adams 1990; Albracht 1994; 
Berkesse/2001;Berkesse/2001; Cammack 2001; Vignah 2001). 

FigureFigure 1. Structure ofthe active site of'{NiFe}-hydrogenases. The structure is based on the results of X-ray 
diffractionn (2frv (Volbeda 1996)) and FTIR studies ((Happe 1997; Pierik 1999); see text for more details). The Ni-
Fee site is attached to the protein through thiols from four Cys residues in the large subunit (residue numbered 
accordingg to the D. gigas enzyme sequence). The Fe ion carries the CN- and CO ligands. In the D. gigas enzyme 
thee bridging, non-protein oxygen species is presumed to be a hydroxyl group. In this representation it points 
towardss the reader with the CO pointing in the opposite direction. Note that in this inactive state the Fe is six-
co-ordinate,, while the Ni is five-co-ordinate. The Fe always remains low-spin ferrous; the Ni shuttles between 
thee low-spin 3+ and high-spin 2+ valence states. Changes in electron density on the Fe ion can be detected 
withh FTIR by monitoring the V(CO) and v(CN) stretching frequencies. 

Thee membrane-bound [NiFe]-hydrogenase from Allochromatium vinosum belongs to the 
'standard'' [NiFeJ-hydrogenases, just like the enzyme from Desulfovibrio gigas, the first 
hydrogenasee for which a crystal structure was solved (Volbeda 1995; Volbeda 1996). Standard 
[NiFe)-hydrogenasess minimally consist of two subunits of about 60 kDa and 30 kDa. The 
crystall  structure of the D. gigas enzyme {Volbeda 1995; Volbeda 1996) revealed that four strictly 
conservedd cysteine residues in the large subunit bind a Ni-Fe centre (Fig. 1). The three non-
proteinn ligands to Fe {Volbeda 1995; Volbeda 1996) have been characterized by FTIR studies on 
thee A. vinosum enzyme as two non-exchangeable CN" groups and one non-exchangeable CO 
moleculee {Bagley 1995; Happe 1997; Pierik 1999). The small subunits of all {NiFe} -
hydrogenasess display a conserved Cys pattern that binds one {4Fe-4S] cluster. This cluster is 
locatedd within 14 A from the active site {Volbeda 1995) and is usually called the 'proximal 
cluster'.. Many hydrogenases harbour two more Fe-S clusters in the small subunit. Together 
withh the proximal cluster they form a nearly linear array designed for electron transfer (Volbeda 
1995;1995; Volbeda 1996). The D. gigas and A. vinosum enzyme contain a second cubane cluster 
(distal)) and a [3Fe-4S}  cluster that lies in between the two cubane clusters (medial cluster). The 
distall  cluster has one edge exposed to the exterior of the protein. 

EPRR has traditionally been used to monitor the redox changes of the Ni ion and the Fe-S 
clusterss in the enzyme (for review see {Albracht 1994)). Since the discovery of the CN" and CO 
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ligandss in the A. vinosum enzyme by infrared spectroscopy (Bagley 1994; Bagley 1995; Happe 
1997),1997), this technique became instrumental in the further study of the enzyme as also EPR-
silentt states can be studied this way. The redox changes in the Ni-Fe centre occur at (or close 
to)) the Ni site (Gu 1996; Davidson 2000). The low-spin Fe(II) ion, as originally discovered in 
Mössbauerr spectra of the A. vinosum enzyme in the Nia-SR state (Surerus 1994), remains low-
spinn ferrous also in oxidized enzyme (Huyett 1997). A summary of the six states of the A. 
vinosumvinosum enzyme, relevant for the present study, is given in Fig. 2. 
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FigureFigure 2. Summary of the six active-site states of the {NiFe}-hydrogenase from A. vinosum studied in this 
report.report. Panel I: The subscripts r andd a stand for ready and active, respectively. States marked with an asterisk (*) 
showw a S= 1/2 EPR signal due to nickel. EPR-silent states have an S added; SR stands for silent reduced. The 
numberr added to each state as a subscript represents the stretching frequency of the intrinsic CO molecule 
boundd to Fe. The enzyme is routinely purified in air in a catalytically inactive form. It can be activated by 
reduction,, whereby the bridging oxygen ligand (Fig.1) is assumed to be removed in the form of H20. Active 
enzymee can exist in three different states: the Ni,-S, Nia-C*  and Nia-SR states. The redox potential (or hydrogen 
concentration)) determines which state(s) is (are) prevailing. Panel II : All states but two have a characteristic set 
off  infrared bands due to the Vsym(CN), V,nti(CN) and V(CO) stretch vibrations. The infrared spectrum of each 
statee is represented as a stick spectrum. The Nir-S1931 state and the Nia-S state have the same set of infrared 
bandss and can only be distinguished by their activity or by the reaction with CO (Bleijlevens 2002). Frequencies 
weree taken from (Bleijlevens 2002), as obtained at 2 cm" resolution. Peak positions observed in the present study 
mayy slightly differ due to the lower resolution (4 cm"1). 

{NiFe]-hydrogenasess are usually purified aerobically. The oxidized enzyme thus obtained is 
inactivee and contains a bridging, non-protein ligand between the Ni and Fe atoms. This is an 
oxygenn species in the D. gigas enzyme (Volbeda 1995; Volbeda 1996), but a sulphur species in 
thee enzyme from D. vulgaris Miyazaki (Higuchi 1997). Two different oxidized states of the 
enzymee have been identified by EPR as two signals from a Ni ion in the 3 + state. The two 
statess were called 'ready' (Ni r* ) and 'unready' (Niu* ) on the basis of their ability to react with 
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hydrogenn in an activity assay with viologens. The 'ready' state can react with hydrogen within 
minutes,, while the 'unready' state requires hours. The Ni 3+ ion in these two states can be 
reducedd to an EPR-silent Ni 2+ form; the corresponding states are termed Ni r-S and Niu-S, 
respectively. . 

Underr reducing conditions and elevated temperatures (T > 30 °C) the enzyme can be 
activated.. In the reduced, active enzyme the bridging O or S species is no longer present in the 
activee site (Garcin 1999,' Higuchi 1999). The Ni-Fe site in active enzyme can exist in three 
differentt states, the Nia-S, Nia-C*  or Nia-SR state. In the presence of mediating redox dyes plus 
H22 the Nia-S -^ Ni a-C*  transition was shown to be reversible and involves one electron and 
twoo protons (Cammack 1987). This transition also occurs with hydrogen alone, but then it is 
nott reversible {Coremans 1992). The transition is not accompanied with any shift of the vi.CN) 
bands,, but the v(CO) band shifts about 17-20 cm"1 to higher frequency. Presently, we assume 
thatt this transition reflects the binding of H2 (as a hydride) to the Nia-S state, whereby the Ni 
ionn is oxidized to the trivalent state and the electron is passed on to the Fe-S clusters. Studies 
withh the H2-sensing protein from Ralstonia eutropha reinforce this idea (Pierik 1998; Bernhard 
2001).2001). The rate of the Nia-S to Ni a-C*  transition induced by H2 has not been studied. 
Althoughh the reverse reaction occurs swiftly in the presence of redox mediators, it takes 16 to 
moree than 40 h after the complete removal of hydrogen from H2-reduced enzyme in the 
absencee of such mediators (van der Zwaan 1985; Coremans 1992; Barondeau 1994). Below 77 K 
thee Ni a-C*  state converts to the Nia-L*  state upon illumination with white light (van der 
ZwaanZwaan 1985). As this conversion was slowed down nearly six fold when performed in a 
D 2 / D 200 environment, i t has been interpreted as a photolysis of hydrogen species bound to the 
activee site. 

Carbonn monoxide is a competitive inhibitor of [NiFe}-hydrogenases. EPR studies have shown 
thatt CO binds directly to nickel when H2-reduced enzyme is treated with limiting amounts of 
COO (van der Zwaan 1986; van der Zwaan 1990; Sorgenfrei 1996). The resulting Nia*-CO state 
(Happe(Happe 1999) is converted to the Nia-L*  state upon illumination. Although it was initially 
thoughtt that CO and the light-sensitive H-species were bound to the same site on nickel (van 
derder Zwaan 1985; van der Zwaan 1990), later studies with the A. vinosum enzyme suggested that 
thee H-species (hydride) may be bound to the Fe site, while the CO binds to nickel (Happe 
2000).2000). Wi t h excess CO an EPR-silent state was obtained (NL.-S-CO). FTIR studies confirmed 
thee binding of externally added CO to the active site in this state (Bagley 1994). Recently the 
crystall  structure of a CO-inhibited enzyme has been published (Ogata 2002), showing that CO 
iss bound to nickel opposite to the bridging thiol provided by the last Cys residue in the C-
terminuss from the large subunit (S5J3 in the D. gigas enzyme; Fig. 1). 

Thee Ni a-C*  state (having a bound, light-sensitive hydride) reacts with hydrogen to form the 
EPR-silentt Nia-SR state. The reaction Nia-C*  + H2 £> Nia-SR is the only reversible 
equilibriumm reaction ( n = 2, lH+/e") of hydrogen with the enzyme in the absence or redox 
mediatorss (Coremans 1992). The rate of the Nia-SR -> Nia-C*  + H2 reaction is faster than 
1255 s"1 (Happe 1999). The kinetics of the reverse reaction was not yet studied. In this reaction 
twoo electrons are donated by hydrogen and only one of them ends up in the active site 
(reducingg Ni 3+ in the NL.-C* state to Ni 2+ in the Nia-SR state). One possibility is that the Ni 
atomm is transiently reduced from the trivalent state to the monovalent state, thereafter one 
electronn is passed on to the proximal [4Fe-4S] cluster. By preparing the Nia-C*  state at 
differentt pH values, one can create samples in which the proximal cluster is either reduced or 
oxidizedd (Coremans 1992). This enables experiments to test the above assumption. 

http://vi.CN
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Inn this paper we report on the kinetics of the reactions of the active/!, vinosum hydrogenase 
withh a variety of reagents (a.o. H2, CO, BV and 02) . A most appropriate technique was used, 
thatt of Stopped-Flow Fourier Transform InfraRed (SF-FTIR) spectroscopy (George 1997; 
ThorneleyThorneley 2000). This allows the sub-continuous monitoring of infrared changes starting about 
600 ms after mixing of the reagents. 

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

2.1.. ENZYM E PURIFICATIO N A N D SAMPL E PREPARATIO N 

Thee growth of A. vinosum (strain DSM 185) and the solubilization and purification of the 
membrane-boundd hydrogenase was performed as described earlier (Coremans 1992). The purity 
wass checked by SDS-PAGE. The enzyme concentration was derived from the protein 
concentrationn (Bradford 1976), using a molecular weight of 94 kDa, and by double integration 
off  the EPR signals of nickel or the [3Fe-4S]+ cluster in the oxidized enzyme (Kurkin 2002). 
Enzyme,, dissolved in 50 mM Tris-HCl buffer (pH 8.0), was concentrated to 80 to 90 fiM by 
ultrafiltrationn and stored at - 80 °C. This enzyme solution and buffer were used throughout 
unlesss specified otherwise. The reduced, active enzyme in the Nia-SR state was obtained by an 
incubationn under 1 bar H2 at 50 °C for 30 min in a capped serum bottle. Unless specified 
otherwise,, the NL.-C* state was prepared by transferring the bottle into the anaerobic box (see 
below)) and exposing the contents to the gas atmosphere in the box (N2 with maximally 2 ppm 
02)) for 30 min at room temperature. The Nia-S state was obtained by recapping the serum 
bottlee again and leaving it for 18 h in the anaerobic box (room temperature). At pH 6 this 
proceduree did not work; the Nia-C*  state persisted even after one day. Therefore, at pH 6.0 
thee Nia-S state was produced by mixing enzyme (80-90 /xM) in the Nia-C*  state in a capped 
serumm bottle with air-saturated buffer to a final 02 concentration of 25 fiM. The actual state 
(orr mixture of states) of the enzyme at the start of each experiment was determined by FTIR. 

Thee different concentrations of CO, H2 or 0 2 were obtained by diluting gas-saturated buffer 
withh an anaerobic buffer (flushed with oxygen-free N2). Reduced MV was obtained by 
electrochemicall  reduction (George 1989). In this way a solution of 1 mM MV can be reduced to 
aboutt 50%. 

2.2.. SF-FTIR measurements and data analysis 

Infraredd measurements were performed with an adapted 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 before (White 1995; George 1997). 
Thee drive system and stopped-flow cell were entirely contained within an anaerobic dry glove 
boxx ( <2 ppm 02 ; Belle Technology, Portesham, Dorset, UK) (Thorneley 2000). The sample 
celll  temperature was maintained at 25 °C for all experiments by means of a water-cooled 
jacket.. The path length of the IR cell was about 50 urn. The data was collected from 2200 to 
17000 cm"1 using a special filter for this region. Typically, for an infrared resolution of 4 cm"1, 
thee time resolution was 40 ms per spectrum, and the dead time before detection was 18 ms. 
Typicallyy the first two to four spectra were excluded from the data analysis due to high drifts of 
thee baseline related to slight cell deformations immediately after mixing. During the SF-FTIR 
experimentss the enzyme syringe (syringe 1) contained hydrogenase preconditioned as described 
inn the text. The reactant syringe (syringe 2) contained the standard buffer (50mM Tris-HCl, 
pii  1 8.0) with additions specified in the text. 
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3.. R E S U L T S 

3 .1.. React ions wi t h full y act ivated, H 2- reduced enzyme 

3.1.1.. Diminishin g of the H2 concentration from 0.8 mM to 0.4 raM  (at pH 8 and pH 6) 

Enzymee at pH 8 or pH 6 was incubated under 1 bar H2 for 30 min at 50 °C. After cooling to 
roomm temperature, the hydrogen concentration is then about 800 uM. After this treatment the 
enzymee is fully activated and predominantly in the Nia-SR state. In the range pH 6 to 8 the 
Ni a-SRR state of the A. vinosum enzyme comprises a mixture of two sub-states (Bleijlevens 2002): 
onee with a f(CO) band at 1936 cm"1 (here called the Nia-SR193o state) which is maximal at low 
pH,, and one with a f(CO) band at 1921 cm"1 (Nia-SR1921) more prominent at pH 8. Under 1 
barr H2, a small amount of enzyme remains in the Nia-C*  state (P(CO) at 1950 cm"1). In the 
presentt experiments, ca. 9% and 20% of the enzyme were in the N L , - C* state at pH 8 and 6 
respectively,, as verified from controls when the enzyme was mixed with H2-saturated buffer 
(Fig.. 3 traces A). 
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FigureFigure 3. Infrared changes observed upon the sudden decrease of the hydrogen concentration in an enzyme 
solutionsolution from 0.8 mM to 0.4 mM at pH 8 (panel I) or pH 6 (panel II). Syringe 1 was filled with enzyme in 
bufferr (at pH 8 or 6) with 800 uM H2. (A) Control experiments: enzyme was mixed (1:1 v/v) with buffer 
containingg 800 uM H2. The spectrum was taken 3 min after mixing. (B) Enzyme was mixed with a H2-free, 
anaerobicc buffer of the appropriate pH. The spectrum was recorded after 3 min. (C). Timee dependence of the 
amplitudee of the 1950 cm"1 band. The absorbance at 1963 cm"1 was taken as internal reference. Spectra 
representt an average of up to 64 scans (40 ms per scan). All spectra were baseline-subtracted. Only the v(CO) 
regionn is shown. 

Thee effect of decreasing the H2 concentration was studied by mixing enzyme solution (at pH 8 
orr pH 6) with N2-flushed buffer of the appropriate pH. As the mixing ratio was 1:1 (v/v), the 
finall  H2 concentration after mixing was 400 uM. Upon mixing at pH 8, only a minor slow 
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increasee of the 1950 cm"1 band, ascribed to the Nia-C*  state, was observed (increase from 9 to 
13%% of the total area of the combined z^CO) bands). The increase was complete after 30 s (Fig. 
3-1,, C). At pH 6 a larger and faster increase of the 1950 cm"1 band was observed (Fig. 3-II). 
Withi nn the dead time of the instrument, the relative intensity of the band increased from 20% 
too 44% of the combined area of the f (CO) bands. The bands at 1936 and 1921 cm"1, assigned 
too the Nia-SR states, are expected to decrease in intensity. This was noticeable only in the 
expetimentt at pH 6. It is concluded that the equilibrium between the Nia-SR states and the 
Ni a-C**  state was shifted in the direction of the Nia-C*  state and that this shift was complete 
withinn the dead time of the SF-FTIR instrument as set up for this experiment (80 ms, plus 
additionallyy first 2-3 spectra usually are not reliable due to equilibration processes in IR cell, 
creatingg a total of about 200-300 ms). 

77 mM BV +S00 ;. M Hj 

55 m M BV+300 ;, M M, 

||  I  I  I I  | l l  I  I I  M M | M I  I I  I I I  I  |  I I I  l l l l l  l | l  I  l l l l  I I  I  | l l  I  I I I I I I f  I  I • I I  I  I I I  | 

20000 1980 1960 1940 1920 1900 1880 

Wavenumberr (cm-1) 

A^A-jV-yVx. ^ ^ 

AA = 0.0001 

"1950""1963 3 

20 0 600 80 

timee (s) 

100 0 120 0 

FigureFigure 4. Reactions ofH2-reduced enzyme with BV in the presence of hydrogen at pH 8. Syringe 1 was filled 
withh enzyme in buffer with 800 uM H2. (A) Syringe 2 contained buffer with 800 uM H2; the spectrum was 
recordedd 3 min after mixing. (B) Syringe 2 contained buffer with 4 mM BV and 800 uM H2. The spectrum was 
takenn 18 min after mixing. (C) Syringe 2 contained buffer with 10 mM BV and 800 |iM H2. The spectrum was 
takenn after 3 min. (D). Time dependence of the amplitude of the 1950 cm"' band for the experiment under B 
(absorbancee at 1963 cm' used as a reference). Concentrations give in the figures are those after mixing. 

3.1.2.. Reaction wit h benzyl viologen (4 mM and 10 mM ) at pH 8.0 in the presence of 
H 2 2 

BVV is used as an electron acceptor in the standard H2-uptake activity assay for hydrogenase. 
Wee have therefore performed SF-FTIR experiments with both BV and H2 present in the 
reactionn mixture. Hydrogen-reduced enzyme was mixed with hydrogen-saturated buffer 
containingg 4 mM or 10 mM BV (Fig. 4). In both cases the bands of the Nia-SR states (1936 
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andd 1921 cm"1) disappeared completely within 150 ms. Mixing with 4 mM BV resulted in a 
strongg KCO) band at 1950 cm"1 (and two v(CN) bands at 2084 and 2073 cm"1; not shown) 
whichh are assigned to the Ni a-C*  state. A weak band at 1931 cm"', from the Nia-S (or Ni r-
S1931)) state also appeared. The disappearance of the 1950 cm"1 band was complete within the 
firstfirst 150 ms and no significant changes in the amplitude of this band were observed (Fig. 4, 
D).. Mixin g with 10 mM BV resulted in a small band at 1950 cm"1 and a strong one at 1931 
cm""  . These transitions were also too fast to follow (time course not shown). 
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FigureFigure 5. Reaction of the H2-reduced enzyme at pH 8 with carbon monoxide or oxygen. Syringe 1 contained 
enzymee in buffer with 800 flM H2; syringe 2 contained buffer with 1 mM CO (panel I, B-D), 1.2 mM 02 (panel 
I,, E) or 100 uM CO (panel II) . (A) Controls where syringe 2 contained buffer with 800 uM H2 (spectra recorded 
33 min after mixing). (B-D) Reaction with CO after 300 ms (B), 1 s (C) and 30 min (D). (E) Syringe 2 contained 
0_,-saturatedd buffer (1.2 mM) and the spectrum was taken after 300 ms. 

3.1.3.. Reaction wit h CO 

Rapid-frecze-quenchh EPR studies have shown that CO does not react with enzyme in the Nia-
SRR or Ni a-C*  states (Happe 1999). When active H2-reduced enzyme was mixed with a CO-
saturatedd buffer a rapid (< 11 ms) initial increase in the Nia-C*  EPR signal was observed; 
thereafterr this signal decreased again to a low and constant level within 40 ms at room 
temperaturee (Happe 1999). It was proposed that CO competes with hydrogen by binding only 
too enzyme in the NL.-S state: 
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Nia-SS + H 2 « N i a - C * ( l ) 

Nia-SS + CO O Nia-S CO (2) 

Wee have now studied these reactions by SF-FTIR. Hydrogen-reduced enzyme (800 (iM H2) 
wass mixed with a CO-saturated buffer (1 mM CO). In this case an essentially homogeneous 
spectrumm (bands at 2080, 2068, 2054 and 1929 cm1) typical of the N^-S CO state was 
observedd within 300 ms (Fig. 5-1; only the t<CO) region is shown). A small band at 1950 cm1 

fromm the Ni a-C*  state remained at about the same intensity as in the control sample. At longer 
timess (beyond 20 s), this band completely disappeared. This slow decrease could be clearly seen 
inn the 1950 minus 1963 cm"1 time course (data not shown). 

Mixin gg with a ten-fold lower CO concentration (100 (iM) resulted in a mixture of several states 
(Fig.. 5-II). The amplitude of the 1950 cm"1 band (NL.-C* state) did not change at all with 
time,, not even after 30 min. The 1936/1921 c m' band from the N^-SR states decreased to a 
steadyy level within 300 ms and a band at 1929 cm"1 from the Ni a-SCO state appeared 
simultaneously.. At longer times, virtually no further changes were observed. When the 
experimentt was repeated with 150 (iM CO in syringe 2, a higher intensity of the 1929 cm"1 

bandd was observed (data not shown). The results of the experiments were the same in the dark 
andd in the daylight showing that the light does not affect the IR changes and time courses of 
thesee experiments. When the hydrogen concentration in the enzyme syringe was decreased, 
thee intensity of the 1929 cm'1 band inceased after mixing with low concentrations of CO, in 
accordancee with a competitive effect (reactions (a) and (b) above) of H2 and CO (data not 
shown).. We have used the mixtures of 200 jiM CO with 640 jxM H2 and 330 (J.M CO with 
5355 (J.M H2 in those experiments. 

3.1.4.. Reaction wit h oxygen 

Activee {NiFe}-hydrogenase from A. vinosum is reversibly inactivated by oxygen. The precise 
mechanismm of the reaction of the reduced enzyme with oxygen is not known. However, in 
rapid-freeze-quenchh EPR studies it was found that upon mixing H2-reduced enzyme with air-
saturatedd buffer (pH 8), the small Nia-C*  signal (representing about 10% of the enzyme 
concentration)) was rapidly lost and within 100 ms a strong EPR signal from the Ni r*  state 
appearedd (85% from the intensity obtained at 8 s after mixing) (Happe 1999). We have now 
performedd similar experiments using SF-FTIR spectroscopy in the same way as described in 
Chapterr II . 

Uponn mixing an H2-saturated enzyme solution (800 |iM H2) with an oxygen-saturated buffer 
(12000 (iM 02) at pH 8, all of the v(QO) bands of the reduced enzyme were replaced by one 
bandd at 1943 cm"1 (Fig. 5-1, trace E). The reaction was virtually complete within 150 ms, and 
thee setup of SF-FTIR apparatus does not allow us to monitor changes occurring within 
1500 ms. In the KCN) region two bands at 2090 and 2079 cm"1 were observed (data not 
shown).. The complete IR spectrum is that of the Ni r*  state. 

3.2.. React ions of the Ni a-C*  state 

3.2.1.. Reaction wit h H2 at pH 8 and 6 

Redoxx titrations with H2/He mixtures (Coremans 1992) showed that the Nia-C*  state reacts 
withh H2 in an n — 2 equilibrium: Nia-C*  + H2 <̂> Nia-SR. As nickel in the Nia-C*  state is 
trivalent,, whereas it is divalent in the Nia-SR state, the second electron from the H2 must be 
transferredd to one of the Fe-S clusters. Mössbauer spectra of the A. vinosum enzyme under 
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100%% H2 or 1% H2 at pH 8.0 showed that all Fe-S clusters were completely reduced in both 
casess {Duin 1996). In this type of equilibrium experiment, intermolecular electron transfers 
betweenn enzyme molecules in different redox states enables them to equilibrate at the potential 
sett by the H2-partial pressure (Albracht 2001). In a kinetic experiment of the Nia-C*  state at 
pHH 8 with H2, however, complete reduction of the Fe-S clusters at the start of the reaction 
mightt slow down the reaction, since the second electron cannot be transferred to the fully 
reducedd proximal Fe-S cluster. 
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FigureFigure 6. The reaction of enzyme in the Ni^-C* state with H2 at pH 8 (I) orpH 6 (II). Syringe 1 contained 
enzymee in the Nia-C*  state; syringe 2 contained buffer with 800 itM H2. (A) Controls where syringe 2 was filled 
withh anaerobic buffer; a spectrum was taken after 3 min. (B-E) Reaction with H2 aftet 300 ms (B), 1 s (C), 8 s 
(D)) and 2 min (E). 

Too verify this assumption, enzyme in the Nia-C*  state at pH 8 was prepared by equilibrating 
H2-reducedd enzyme with the N2 gas in the glove box for 30 min at 25 °C. A control 
experimentt where this enzyme was mixed with anaerobic buffer produced an infrared spectrum 
withh a strong 1950 cm"1 band (Nia-C* ; 63 %; Fig. 6-1, A), while 37 % of the enzyme was still 
inn the Nia-SR states (1936 and 1921 cm"1 bands). This is close to the value obtained with EPR 
experimentss undet similar conditions ( 1% H2 in the gas phase), where about 60% of the 
enzymee can be obtained in the Ni a-C*  state at pH 8 and 90% at pH 6 (van der Zwaan 1985; 
CoremansCoremans 1992; Duin 1996). When the enzyme in the Nia-C*  state was mixed with H2-
saturatedd buffet (400 uM H2 after mixing) the 1950 cm"1 band had decreased to about 35% of 
thee enzyme concentration within 300 ms, whereas the 1936 and 1921 cm"1 bands increased to 
6 5%% (fast phase; Fig. 6-1, B). Subsequently a slow (on seconds-scale) further decrease of the 
19500 cm"1 band was observed until an equilibrium was reached after about 20 s (slow phase). 
Duringg this time the intensity of 1936/1921 bands slightly incteased (Fig. 7, II) . At longer 
timess no further changes were observed. The final specttum (Fig. 6-1, trace E) looked almost 
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identicall  to the one obtained by mixing the H2-saturated enzyme with an anaerobic buffer 
(Fig.. 3-1, trace B). The slow phase has been inspected in detail in Fig. 7. A three-dimensional 
representationn of the spectral changes is shown in panel I. The time-dependent amplitude 
changess of the 1950, 1936 and 1921 cm"1 bands have been plotted in panel II . The slow phase 
off  the decreasing 1950 cm"1 band had a half time of ca. 5 s. 
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FigureFigure 7. Kinetics of the conversion of the Nia-C* state into the Ni„-SR states induced by H2 at pH 8. (I) A 
three-dimensionall  representation of the infrared changes in the KCO) region as observed in the experiment of 
Fig.. 6-1. The time increases from the back to the front, starting at 300 ms. The solid line indicates the decrease 
off  the amplitude of the 1950 cm"1 band (the Nia-C*  state) with time. The apparent shift of the positions of the 
peakss is an artefact of the software used for visualisation. (II ) Time dependence of the amplitudes of the 1950 
cm""  band (A), 1936 cm" band (B), and 1921 cm"1 band (C) (absorbance at 1963 cm"1 used as the reference). 

Sincee at pH 6 the Fe-S clusters are partly oxidized in enzyme under 1% H2, it was anticipated 
thatt at that pH the reaction may be faster. Hence, we have performed the analogous reaction 
withh hydrogen saturated buffer at pH 6. The control sample showed a specttum with 75% of 
thee enzyme in the Nia-C*  state and 25% in the Nia-SR states (Fig. 6-II, A). After the mixing 
withh H2-saturated buffer the system reached equilibrium within the dead time of the 
instrument.. The Nia-C*  state in the mixture had dropped to 25-28%; the rest of the enzyme 
wass in the Nia-SR states. The experiments show that the reaction of H2 with enzyme in the 
Ni a-C**  state is (in part) clearly different at pH 6 and pH 8. 

3.2.2.. Reaction of enzyme in the Nia-C*  state wit h benzyl viologen in the presence of H2 

a t p H 8 8 

Too further investigate which states of the enzyme are involved in the catalytic cycle, we have 
studiedd the reactions of enzyme mainly in the Nia-C*  state (63%), with BV plus different 
concentrationss of H2 at pH 8. On mixing 4 mM BV plus 80 uM H2 with 40 uM enzyme, the 
smalll  y(CO) bands from the Nia-SR states disappeared within the dead time of the setup (200-
3000 ms), while the 1950 cm"1 band decteased to 26% of the total y(CO) band intensity 
(Fig.. 8, B). At the same time a strong band at 1931 cm"1 appeared. No further changes were 
noticedd during the next 3 min (Fig. 8, C). 
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Wi t hh 4 mM BV and 800 |jM H2 in the reactant syringe at the same enzyme concentration, 
similarr fast changes were observed (Fig. 8, D-F), but now the relative intensities of the 1950 
andd 1931 cm"1 bands were 7 1% and 29%, respectively (see also Table 1 for a comparison). 
Againn the changes were complete within the instrument dead time (200-300 ms). 
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FigureFigure 8. Reactions of enzyme in the Nia-C* state at pH 8 with 4 mM BVplus two different H2 

concentrations.concentrations. Syringe 1 was filled with enzyme in the Ni,-C*  state. Syringe 2 contained buffer with 4 mM BV 
andd 80 or 800 uM H2. (A) Control experiment where the enzyme was mixed with anaerobic buffet; the 
spectrumm was recorded 3 min after mixing. (B-C) Syringe 2 contained buffer with 4 mM BV and 80 uM H2. 
Spectraa were taken after 300 ms (B) and 3 min (C). (D-F) Syringe 2 contained buffer with 4 mM BV and 800 
uMM H2. Spectra were taken after 200 ms (D), 300 ms (E) and 3 min (F). 

TableTable 1. The relative amounts of the Nia-C* state ( v(CO) = 1950 cm') and the Nia-S states 
CC Vf CO) = 1931 cm"') obtained after mixing 80 fjM of active enzyme with 4 mM B V plus different hydrogen 
concentrations. concentrations. 

[H2}
aa 1950 cm'1 1931 cm'1 

0.88 mM (Fig. 4) 8 1% 19% 
0.44 mM (Fig. 8) 6 1% 39% 
0.044 mM (Fig. 8) 16% 84% 

'' Initial hydrogen concentration after mixing. 

3.2.3.. Reaction of enzyme in the Nia-C*  state wit h CO 

W ee have studies the reaction of enzyme in the Nia-C*  state with 100 and 500 \lM CO (final 
mixedd concentrations) at pH 8. Wi t h buffer saturated with 20% CO (200 (iM) in the reactant 
syringe,, the bands assigned to the Nia-SR states disappeared within 100 ms (Fig. 9 ,1, traces A 
andd B). At the same time the intensity of the 1950 cm/1 band decreased from 63% to 3 1% of 
thee total iKCO) intensity and a strong band at 1929 cm"1, assigned to the Ni a-SCO state, 
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appeared.. At longer times (300 ms) a slow further decrease of the 1950 cm"1 band occurred 
withh a simultaneous increase in intensity of the 1929 cm"1 band (Fig. 9, C-D). The changes 
weree complete within 20 s (Fig. 9, II) . In the 2100-2050 cm ' region three bands appeared 
thatt are characteristic of the Ni a-SCO state: two bands at 2080 and 2068 cm"1 from the 
KCN)symm and the f(CN)anti vibrations of the intrinsic CN" ligands, and one band at 2054 cm"1 

fromm the extrinsic CO ligand bound to nickel. The reaction with buffer containing 1 mM CO 
gavee essentially the same results, except that the changes were complete within 300 ms (Fig. 9, 
E-F). . 
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FigureFigure 9. Reactions of enzyme in the Nia-C* state with two different concentrations of CO at pH 8. Syringe 1 
containedd enzyme in the Nia-C*  state, while syringe 2 was filled with buffer containing 200 uM or 1 mM CO. 
Panell  I: (A) Control experiment. Enzyme was mixed with anaerobic buffer and a spectrum was recorded 3 min 
afterr mixing. (B-D) Syringe 2 contained buffer with 200 uM CO. Spectra were recorded 100 ms (B), 300 ms (C) 
andd 3 min (D) aftet mixing. (E-F) Sytinge 2 contained buffer with 1 mM CO and spectra were taken after 300 
mss (E) and 15 s (F). Panel II : time dependence of the amplitudes of the 1950 cm"1 band (A) and 1929 cm"1 band 
(B)) in the expetiment with 100 uM CO (absorbance at 1963 cm"1 used as reference). 

3.2.4.. Reaction of enzyme in the Ni„-C * state wit h 0 2 

W ee have describe above the reaction of H2-reduced enzyme with excess oxygen (500 |J.M) at 
pHH 8. Ezyme in the Nia-C*  state (at pH 6) gave essentially the same IR spectral changes. After 
mixingg enzyme (75% in the Nia-C*  state, 25% in the Nia-SR states) with air-saturated buffer 
(2500 (iM 02) , a single strong band at 1943 cm"1, assigned to the Ni r*  state was observed at the 
shortestt times (150-300 ms) (data not shown). When the reaction syringe contained only 25 
(J.MM 02 , then a series of slow changes were observed (Fig. 10). The 1950 cm"1 band decreased, 
whilee two bands at 1943 and 1931 cm"1 appeared within 300 ms. Over the next 9 min the 
19433 cm"1 band slowly disappeared while the 1950 cm'1 band decreased significantly. The 
19311 cm"1 band increased and finally became the dominant band in the spectrum. 
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FigureFigure 10. Reaction of enzyme in the Nia-C* state with oxygen at pH 6. Syringe 1 contained enzyme in the 
Nia-C**  state. Syringe 2 was filled with 02-containing buffer (25 uM 02). (A) Control where syringe 2 was filled 
withh anaerobic buffer (spectrum taken after 3 min). (B-E) Spectra recorded 300 ms (B), 1 s (C), 10 s (D) and 10 
minn (E) after the reacrion with oxygen. 

3.3.. React ions of the Ni a-S state 

Thee reactivity of the Nia-S state, the most oxidised of the three active states, with H2, CO or 
reducedd methyl viologen (MV) have been studied At pH 8 and pH 6 the Nia-S state was 
preparedd as described in the Material & Methods section. When enzyme in the Nia-S state at 
pHH 8 was mixed with anaerobic buffer the spectrum shown in Fig. 11-1, trace A was obtained. 
Thee main KCO) band was at 1931 cm"(77.6 % of the total v(CO) intensity), with bands at 
19500 cm"1 (Nia-C* ; 8.7%) and 1911 cm"1 (Ni r-S1911; 13.7%) of lower intensity. At pH 6 only 
thee 1950 cm"1 (27%) and 1931 cm"1 (73%) bands were observed (Fig. 11-11, A). 

3.3.1.. Reaction of the Nia-S state wit h H2 at pH 8 and 6 

Whenn the enzyme (at pH 8) was mixed with buffer containing 800 \iM H2, the 1931 cm"1 

bandd disappeared within 200 ms (Fig. 11-1, A-B). Three other bands characteristic for the Nia-
C**  state (1950 cm"1, 29%) and the Nia-SR states (1936 cm"1, 1921 cm1, 71%) appeared. At 
5000 ms the spectrum was essentially unchanged. At longer times (up to 80 s) a slow decrease 
off  the 1950 cm"1 band was observed, resembling the behaviour of a similar experiment starting 
withh the Ni a-C*  state at pH 8 (Fig. 7). The relative ratio of the three f (CO) bands observed 
afterr 10 min was comparable to the ratio obtained 15 and 180 s after mixing of H2-reduced 
enzymee with an anaerobic buffer (16% of Nia-C*  state in this experiment compared to 13% in 
thee experiment of Fig. 3-1, trace B). 



71 1 

Thee same experiment was then repeated at pH 6. In this case, the control reaction showed that 
thee enzyme did not exhibit any of the 1910 cm"1 band from the Ni r-Sl910 state (Fig. 11-11, A). 
Onlyy bands from the Nia-C*  state (27%) and the Nia-S (or Nir-S1931) state (73%) were 
observed.. Mixing with buffer containing 800 fxM H2 resulted in the complete conversion of the 
19311 cm"1 band into bands from the Nia-SR states; the 1950 cm"1 band did not change in 
intensity.. There was no further change at longer times. The resulting spectrum was very 
similarr to the one obtained after the reaction of enzyme in the Nia-C*  state with H2 at pH 6 
(Fig.. 6-II, B-E). 
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FigureFigure 11. Reaction of enzyme in the Nia-S state with H2, reduced MV or CO. Syringe 1 contained enzyme in 
thee NL,-S state in buffer of pH 8 (I) or 6 (II) . (A) Control experiments, where syringe 2 contained anaerobic 
buffer;; a spectrum was recorded 3 min after mixing. (B-D) Syringe 2 contained buffer with 800 uM H2 and 
spectraa were obtained after 200 ms (C), 500 ms (D) and 8 min (II , D) or 10 min (I, D). (E-F) Syringe 2 
containedd buffer (pH 8) with 1 mM 50%-reduced MV. Spectra were recorded after 200 ms (E) and 2 s (F). (G) 
Syringee 2 was filled with buffer (pH 8) containing 1 mM CO; 200 ms after mixing a spectrum was obtained. 
(Ill )) Time dependence of the amplitude of the 1950 cm" band for the experiment under I, B-D (absorbance at 
19633 cm"1 used as reference). 

3.3.2.. Reaction of the Nia-S state wit h reduced methyl viologen at pH 8 

Wee have also looked at the reaction of enzyme in the Nij-S state with electrochemically-
reducedd MV (total MV concentration in the reactant syringe 1 mM, of which about 500 JJ.M 
wass in the reduced state). This reaction is analogous to the conditions used to during to assay 
off  the H2-production, except for the higher MV concentration and the presence of dithionite in 
thee assay. With a final concentration after mixing, but before reaction of 250 |xM reduced and 
2500 (J.M oxidised MV, the reaction wil l approach an equilibrium determined by the relative 
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concentrationss of reduced and oxidised MV, the pH and the dihydrogen formed. We observed 
thatt within 200 ms, the Nia-S (or Nir-S1931) and Ni r-S1910 states had both completely 
disappearedd (Fig. 11-1, E-F). Instead only the Nia-C*  state (55%) and the Nia-SR states (45%) 
weree detected. No further changes occurred at longer times. 

3 3 . 3.. Reaction of the Ni^ S state wit h CO at pH 8 

Inn Fig. 11-1, trace G the spectrum is shown taken 200 ms after mixing enzyme in the Nia-S 
statee at pH 8 with buffer containing 1 mM CO. Only one strong band at 1929 cm"1 appeared 
(togetherr with weak bands at 2080, 2068 and 2054 cm"1; not shown), which are characteristic 
off  the Nia-S-CO state. 

4.. D I S C U S S I ON 

Beforee discussing the observations described above, it is important to recognise that the Ni-Fe 
sitee behaves as an n= 1 redox entity. Hence, in the reaction with H2, the redox states of the Fe-
SS clusters must also be taken into consideration. Al l [NiFe}-hydrogenases have the proximal 
clusterr in common {AWracht 1994) and so it was envisaged that this cluster is essential for the 
redoxx reaction with H2. The scheme in Fig. 12 gives an overview of some of the reactions 
investigatedd in this study. The redox states of the Fe-S clusters are included in the description 
off  the enzyme states. In the following discussion we wil l use the (short-hand) notations as 
displayedd in Fig. 12 (see legend). 

4 . 1.. React ions w i t h H 2 

Thee turnover rate of the active A. vinosum [NiFe}-hydrogenase with H2 is extremely high. 
Whenn attached to a pyrolytic graphite electrode, the enzyme turnover is in the range of 1500-
90000 s"1 at 30 °C {Pershad 1999; Jones 2002) and is limited by H2 diffusion from the bulk 
solutionn to the enzyme. This means that the primary reaction of active enzyme with H2 lies 
outsidee the time resolution of our SF-FTIR apparatus. Only reactions that are more than two 
orderss of magnitude slower than the catalytic turnover can be monitored at present. However, 
evenn with this limitation, the results reported above and those in the Chapter II of this thesis 
addd very considerably to our understanding of the inter-relationships between several states of 
thiss extremely complicated enzyme system. 

4.1.1.. Th e Nia-S state 

Thee reaction of H2 with enzyme mainly in the Nia-S state was fast. At both pH 8 and 6, after 
2000 ms, the 1931 cm"' band had been completely replaced by bands at 1950, 1936 and 
19211 cm"1. At pH 8 the amount of Nia-C*  obtained at 200 ms increased noticeably (29 %), 
whilee no change was observed at pH 6 (35 %). This was somewhat unexpected because the 
redoxx potential of the 2H+ /H 2 couple at pH 8 is 118 mV lower than that at pH 6. Indeed at 
longerr times (10 min), when complete redox equilibration had been obtained, the amount of 
Ni a-C**  at pH 8 (16%) was clearly lower than that obtained at pH 6 (27%; Fig. 11, traces D). 

Too understand this behaviour it is important to recall how the N^-S state at both pH values 
wass prepared. At pH 8 it was prepared from the N^-C* state by leaving the enzyme in a H2-
free,, anaerobic atmosphere for 18 h. Then the spectrum of Fig. 11-I, trace A was obtained. 
EPRR and Mössbauer spectra of the active A. vinosum enzyme at pH 8 under 1 bar or 0.01 bar of 
H 22 showed that all Fe-S clusters were completely reduced at both conditions {Surerus 1994; 
DuinDuin 1996). Hence, the Ni a-C*  state at pH 8 can be written as Nia-C*(rrr) . 
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FigureFigure 12. Overview of the redox states and their short-hand notations of the A. vinosum enzyme as studied in 
thisthis paper. Under 1 bar of H2 the enzyme is in the Nia-SR state with «/(CO) bands at 1936 and 1921 cm"1 (two 
pH-dependentt substates). In terms of the Ni-Fe site and the Fe-S clusters this state can be written as 
Fe2+(H")Ni 2+.P+M°D+,, where H" stands for the bound hydride (light sensitive in the Nia-C*  state), P+ for the 
reducedd proximal [4Fe-4S]+ cluster, M° for the reduced medial [3Fe-4S]° cluster and D for the reduced distal 
cubanee cluster. As an abbreviation for the state in this particular redox configuration we will use the term Nia-
SR(rrr),, where r stands for a reduced Fe-S cluster (order: proximal, medial, distal). In other states, the Fe-S 
clusterss can be oxidized ('o' in the short-hand notation). The notation 'x' means that the cluster can be either 
oxidizedd or reduced. The Nir-S1910, Ni t-S19J1 and Ni.-S^j, states are isopotential. The mobility of the nearby H 2 0 
moleculee in the Nit-S1931 state is strongly temperature dependent. At 2 °C it cannot leave the active-site pocket 
inn the Nir-S1931 state and blocks the reaction with H2. At this temperature a water molecule also cannot enter 
thee active-site pocket in the (active) NL,-S19} 1 state. At 25 °C this water molecule is considered to be very mobile, 
enablingg a speedy equilibrium between the Ni r-S19J1 and Ni,-S states. 

Inn earlier studies, Mössbauer spectra at 60 K showed that the special doublet due to a lone Fe 
ionn with an isomer shift of 0.05-0.15 mm/s, as discovered in H2-reduced enzyme (Surerus 1994) 
iss also present in the spectrum of enzyme under 0.01 bar H2 (Ravi, N, Duin, E.C., Alhracht, 
S.P.J,S.P.J, and Miinck, E., unpublished observations), but not in the spectrum of enzyme in the Nia-S 
statee (Surerus 1994). This Fe ion is considered to be the low-spin ferrous Fe in the Ni-Fe active 
sitee (Happe 1997). As the Nia-C*  state contains a light-sensitive hydrogen species bound to the 
activee site (van der Zwaan 1985; Fan 1991; Whitehead 1993), presumably in the form of 
hydridee in a position bridging between the Ni and Fe ion (Foerster 2003), we assume that this 
hydrogenn species is also present in the Nia-SR states. The Mössbauer data (Surerus 1994) 
suggestt that this hydrogen species is not present in the NL,-S state. 

Studiess with the H2-sensing, regulatory hydrogenase (RH) from Ralstonia eutropha indicate that 
thee reaction of the Nia-S state with H2 involves only H2 binding to the active site, whereby the 
Ni 2++ ion is oxidised to Ni 3+ and an electron is passed on to the Fe-S clusters and from there to 
ann as yet unidentified n = 2 redox-active chromophore (Bernhard2001). 
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Byy analogy, we propose that the very slow formation (18 h) of the Nia-S state from the Nia-C* 
statee at pH 8 can be written as 

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

i.e.. the removal of H2 from the active site, whereby the Ni ion reduces to the divalent state 
usingg an electron from the cubane with the highest midpoint potential. In short this can be 
writtenn as 

Ni a-C*(rrr )) -» Nia-S(orr) + H2 (4) (see Fig. 12). 

EPRR experiments showed, however, that the cubane clusters remained largely reduced when 
performingg this treatment (van der Zwaan 1987). Apparently, a large part of the enzyme 
moleculess becomes re-reduced again via intermolecular redox reactions in the presence of the 
smalll  amounts of H2 released from the active site. Hence under equilibrium conditions the 
mainn products wil l be Nia-S(rrr) with some Nia-S(orr), both with a 1931 cm"1 band (Fig. 11-1, 
A) . . 

Formationn of the Nia-SR states (1936/1921 cm"1 bands) by reaction of enzyme in the Nia-S(rrr) 
statee with H2 is expected to be fast as this can simply be written as 

Nia-S(rrr)) + H2 *  Nia-SR(rrr) (5a), 

i.e.i.e. the fast binding of H2 (as hydride) to the active site (Fig. 12). The reaction of the Nia-S(orr) 
state,, however, wil l result in the formation of the Nia-C*(rrr ) state: 

Fe2 +-Ni 2 +.P2 +M°D ++ + H2 - » Fe2 +(H-)Ni 3 +.P+M°D + (5b) 

Inn this case the formation of a Fe2+(H~)Ni3+ species is preferred over the formation of a 
Fe2 +(H~)Ni2 +P2 +M°D ++ species, because the midpoint potential of the Nia-C*/Ni a-SR couple is 
lowerr than that of the P2 +/P+ couple (Cammack 1987). We envisage that this could be due to 
Coulombb interactions of the hydride with the Ni-Fe site. The Nia-C*(rrr ) state would not be 
readilyy reduced by H2 as it has only one oxidizing equivalent left. This is precisely what was 
observedd (Fig. 11-1, A-D). A complete redox equilibrium between all enzyme molecules and 
thee 400 (iM H2 was only obtained about 50 s after mixing (Fig. 1 l-III) . This slow phase is 
envisagedd to be the results of intermolecular reactions between the enzyme molecules (Albracht 
2001).2001). The explanation for the rapid disappearance of the 1910 cm"1 band (Ni r-S1910 state) wil l 
bee given when the reaction with CO is discussed. 

Previouss EPR experiments at pH 6 showed that enzyme under 1% H2 has 90% of the 
moleculess in the Ni a-C*  state, but now the proximal cluster was largely oxidized (Coremans 
1992;1992; Duin 1996). We call this state Nia-C*(orr). In the present study we observed that the 
Ni a-C**  state persisted at pH 6 for at least one day in the absence of H2 On adding 25 ji M 0 2 

too the enzyme (80 - 90 |iM), the spectrum shown in (Fig. 1 l-II , A) was obtained. A plausible 
reactionn for the formation of the Nia-S state is by this method is: 

Fe2 +(H-)Ni 3 +.P2 +M°D ++ + 0.5 02 - » Fe2 +-Ni 2 +.P2 +M°D 2+ + H 2 0, (6) 

i.e.. the removal of the bound H-species by oxidation with oxygen. As the enzyme 
concentrationn was 80-90 ^iM, the bound H2 is expected to be removed in at least half of the 
enzymee molecules. Fig. 1 l-II , trace A shows that indeed 73 % of the enzyme is in the Nia-S 
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statee (1931 cm"1 band). Reaction of the Nia-S(oro) state with excess H2 can rapidly yield the 
Nia-S(rrr)) state. First the binding of H2 leads to the Nia-C*(orr) state and then a second H2 

moleculee reduces the Ni 3+ ion and the proximal cluster (Fig. 12). This is what was observed in 
Fig.. 11-11. Curiously, the intensity of the 1950 cm"1 band (Nia-C*) , about 27% at the start of 
thee reaction, did not change with time (Fig. 1 l-II) . There are two possible explanations: 

(i)) The enzyme in the Nia-C*  state at the start of the reaction has all of its cubanes fully 
reducedd (i.e. the Nia-C*(rrr ) state). This prevents any rapid reaction with H2 and results in no 
observablee change in the 1950 cm'1 band intensity. 

(ii )) A proportion of the enzyme exhibiting a 1950 cm'1 band had at least one cubane oxidized 
(i.e.. Nia-C*(orr) state), enabling a rapid conversion into the Nia-SR(rrr) state. In this case the 
19500 cm'1 band observed at 500 ms must have been produced from enzyme in the Nia-S(orr) 
statee by the binding of H2 (to form the non-reactive Nia-C*(rrr ) state). 

Inn view of the fact that oxygen was used to produce the starting mixture of states, we favour 
thee second explanation. 

4.1.2.. The Ni a-C*  state 

Slowlyy decreasing the H2-partial pressure from 1 bar to 0.01 bar over H2-reduced enzyme at 
pHH 8 leads to a Nia-C*  EPR signal representing 60% of the enzyme concentration; the cubanes 
remainn fully reduced {Duin 1996). At pH 6 such a treatment produces enzyme 90% in the N^-
C**  state, with a significant percentage of the proximal clusters oxidised. The infrared spectra in 
Fig.. 6 show essentially the same results (1950 cm"1 band). However the SF-FTIR spectra also 
showw that at pH 8 the rest of the enzyme remains in the (EPR-silent) Nia-SR states 
(1936/19211 cm"1 bands). At pH 6 the contribution of the Nia-SR states was only 25%. 

Whenn mixed with 400 uM H2, the 1950 cm'1 band decreased, while the 1936/1921 cm'1 

bandss increased. At pH 6 this reaction was complete within 300 ms (Fig. 6-II), while at pH 8 a 
fastt (<300 ms) and a slow (half lif e ca 4 s) phase were detected (Fig. 6-1 and Fig. 7). These 
resultss are interpreted as follows. In the Nia-C*  state at pH 6, a high percentage of the 
proximall  clusters wil l be oxidised (i.e. the Nia-C*(orr) state). Since this state comprises two 
oxidisingg equivalents, Ni 3+ and an oxidised proximal cluster, hydrogen can rapidly react to 
formm the Nia-SR(rrr) state. At pH 8 a mixture of states is present at the start of the reaction: 
63%% Nia-C(rrr) and 37% Nia-SR(rrr). The latter state cannot be reduced any further, while the 
formerr state is expected to react only slowly with hydrogen, as discussed above. The rapid 
initiall  decrease of the 1950 cm"1 band is explained by assuming that a significant percentage 
(caa 45%) of the enzyme was in the Nia-S state, with the proximal cubane oxidised at the start 
off  the reaction. The corresponding Nia-C*(orr) state can be rapidly reduced by H2 to the Nia-
SR(rrr)) state. 

Inn Fig. 3 data for the reaction: 

Nia-SR(rrr)) + 2 H + 4 Nia-C*(orr) + H2 (7) 

arcc presented . The change in the H2 concentration (from 800 to 400 \iM) wil l lead to an 
increasee of the redox potential of only 9 rnV (from -472 to -463 mV at pH 8 and from 354 to -
3455 mV at pH 6). At pH 8 virtually no change occurred on inducing this change in potential 
byy dilution in the SF-FTIR with anaerobic buffer (Fig. 3-1). At pH 6 a noticeable increase in 
thee 1950 cm'1 band intensity was apparent within 300 ms. It is concluded that the reaction is 
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completedd within 300 ms and that the extent of reaction at pH 8 is only marginal. Previous 
rapid-freezee EPR studies under similar condition at pH 8 with sample spectra run at low 
temperaturess (Happe 1999) resulted in a four fold increase of the Nia-C* EPR signal within 8 
ms.. No further EPR signal changes were observed over the following 200 ms. Changes in the 
IRR spectra consistent with these earlier EPR results were not seen in the present experiments. 
Onee possible explanation for the difference is the observation temperature (40-70 K for the 
EPRR data versus 298 K in the present experiments). In theory this temperature difference 
couldd dramatically change the redox potential of the 2H+/H2 couple (moving the system to the 
steepp region in the titration curve of the Nia-C*  state (Coremans 1992)). The temperature could 
alsoo influence redox equilibrium within the enzyme. Another possible reason, residual oxygen 
inn the reaction mixture, is less likely since the controls were carried out under the same 
conditionss (this study and {Happe 1999)). 

4.2.4.2. Reactions wit h CO 

4.2.1.. The Nia-S state 

Att pH 8 the reaction of the Nia-S state (1931 cm1 band) with 500 fiM CO was complete 
withinn 200 ms (Fig. 11-I, G). This can be written as 

Nia-S(rrr)) + CO "» Nia-S-CO(rrr). (8) 

Thee product, Nia-SCO(rrr), shows two p(CO) bands: one from the intrinsic CO at 1929 cm"1 

andd one from the extrinsic CO bound to nickel at 2054 cm"1. The KCN) bands are at 2080 and 
20688 cm'1. The starting sample (Fig. 11-1, A) also exhibited weak bands from Nia-C*  (1950 
cm'1)) and Nir-S19I0 states. EPR experiments have previously shown that with CO the Nia-C* 
statee rapidly converts (within 40 ms) into the Ni.-S-CO state (Happe 1999)). This was 
explainedd by a competitive binding of CO and H2 to the Nia-S state (see Fig. 12): 

Fe2+(H")Ni 3+.P+M°D++ -»(-H2)«» Fe2+-Ni 2+.P2+M°D +*(+CO)-» Fe2+-Ni2+(CO).P2+M°D+ 

(9) ) 

Thee reaction of the Nir-S1910 state with CO can be understood as follows. As explained in 
chapterr 2, it is presently thought that the Nir-Si910 state has OH' bridge between the Ni and 
Fee atoms. Protonation of this OH" group to a water molecule leads to the Nir-S1931 state. At 2 
°CC the water molecule remains locked in the active-site pocket and blocks the reaction with H2 

(seee also Fig. 12). At 25 °C the H20 molecule is considered to be rather mobile and the Nir-
S19311 (with water) and Nia-S193i (no water) states can then easily interconvert. If water leaves 
thee active-site pocket and if hydrogen is present, then H2 will rapidly occupy the bridging 
positionn (as a hydride) to form the very stable Ni^C* state (Fig. 12). This is consistent with the 
rapidd disappearance of the 1910 cm"1 band in Fig. 11-1, traces A and B. If excess CO is present, 
thenn a rapid formation of the Nia-SCO state (as observed in Fig. 11-1, trace G) can be 
envisagedd in a similar way (Fig. 12). The redox state of the [4Fe-4S] clusters is of no 
importancee here. At 2 °C the Nir-S1931 state reacts only very slowly with CO (Blijelevens, B. and 
Albracht,Albracht, S.P.J., unpublished experiments). 

4.2.2.4.2.2. The Nia-C*  state 

Withh excess CO (0.5 mM) and at pH 8 the NvC* state (1950 cm"1 band) was completely 
convertedd to the Nia-SCO state (intrinsic CO band at 1929 cm'1; Fig. 9, E-F) within 300 ms 
viaa the reaction 
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Nia-C*(rrr )) + CO + H + -» Ni,-S-CO(orr) + H2 (10) 

discussedd above. Likewise the Nia-SR(rrr) states, present at the start of the reaction, can simply 
reactt as: 

Fe2 +(H)Ni 2 +.P+M°D ++ + CO + H + » Fe2 +-Ni 2 +(CO).P+M°D + + H 2 ( l l ) 

Alternatively,, the Nia-C*(orr) state could be formed initially (reduction of two protons to H2) 
followedd by the formation of the Nia-S«CO(oro) via the replacement of bound H2 by CO. As 
explainedd below, we consider that the latter sequence of reactions to be less likely. 

Att lower CO (100 fjM), the N v SR states still disappeared rapidly (within 100 ms), but now 
thee 1950 cm"1 band disappeared more slowly (Fig. 9, A-D). Even at 300 ms a clear t<CO) band 
characteristicc for the intrinsic CO in the Nia-C*  state could be detected. This is another 
indicationn that the binding of H2 (as H" in a bridging position) to the Fe2 +-Ni 3+ couple in the 
Ni a-C**  state is tighter than hydride binding to the Fe2+-Ni 2+ centre in the Nia-SR states. 

4.2.3.. The Nia-SR states 

Afterr mixing the H2-reduced enzyme with excess CO (final concentrations of H2 and CO were 
4000 jtxM and 500 fjM, respectively) at pH 8, again the NL.-SR states reacted within the 
instrumentt dead time (Fig. 5-1) presumably via the direct displacement of bound H2 (bridging 
hydride)) by CO (binding to nickel). The small amount of Nia-C*  (1950 cm"1 band) only 
disappearedd after 20 s, reinforcing the explanation that H2 is more strongly bound to the active 
sitee in the N v C* state than to the Fe-Ni site in the Nia-SR states. This also favours the idea 
thatt the Nia-SR to Nia-S-CO conversion proceeds directly (Fig. 12) and not via the transient 
formationn of the NL^-C* state. 

Wit hh 400 fjM H2 and 500 JUM CO, then the 1950 cm"1 band was still present after 30 min 
(Fig.. 5-II). This suggests that Co and H2 bound forms are in equilibrium (Eq. 12) since a 
mixturee of the bands at 

Nia-SR(rrr)) + CO + H + O Nia-SCO(rrr) + H2 (12) 

1936/19211 cm"1 (Nia-SR) and 1929 cm"1 (Nia-S-CO) was observed within 300 ms. These 
observationss are agreement with the long-standing idea that CO is a competitive inhibitor of 
[NiFe}-hydrogenases. . 

4 .3.. React ions wi t h benzyl v io logen in the presence of H 2 and w i t h methyl 
v io logenn in the absence of H 2 

4.3.1.. The Nia-C*  state 

Whenn enzyme from which H2 had been removed at pH 8 over a period of 30 min (resulting in 
63%% Nia-C*  plus 37% Nia-SR) was mixed with BV plus H2 (2 mM BV, 40 fiM H2 final 
concentrations)) stable products were formed within 300 ms (Fig. 8, A-C). The redox potential 
sett by the H2 concentration is -375 mV at the start of the reaction. The midpoint potential of 
BVV is -358 mV, but is at least 118 mV higher at the start of the reaction. Reduction of BV at 
thee expense of H2, catalysed by the enzyme, wil l eventually establish redox equilibrium. The 
experimentt shows that equilibrium was reached within 300 ms. A mixture of 16 % Nia-C*  and 
844 % Nia-S/Nir-S1931 states was formed. 
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Wit hh higher H2 concentration (400 fiM) but the same BV (2 mM) concentrations (Fig. 8, A, 
D-F),, all of the spectral changes occurred within 200 ms. In this case the final potential was 
lowerr compare to the previous experiment, because the H2 concentration was ten fold higher 
resultingg in more of the Ni a-C*  state being present at equilibrium (61 % Nia-C*  and 39 % 
Ni a-S/Nir-S1931).. In all cases (Fig. 8, B-F) the contribution of the Nia-SR states was negligible. 
Thiss suggests that the final potential was in a range, where in FTIR redox titrations with the 
D.D. gigas enzyme, only the Nia-C*  and Nia-S states were observed (between -400 mV and 
-2500 mV at pH 8.3 (De Lacey 1997)). No slow reactions were observed (Fig. 8) indicating that 
BVV rapidly promotes redox equilibration between all of the enzyme states. 

4.3.2.. T he Nia-SR states 

Inn Fig. 4, H2-reduced enzyme was mixed with BV plus H2, whereby the final H2 

concentrationn at the start of the reaction was 800 /iM , while the final BV concentration was 
eitherr 2 of 5 mM. With 2 mM BV (and 800 fiM H2) the reactions were completed within 
3000 ms (Fig. 4, B and D). The main band was at 1950 cm"1 (81 %), with a minor band at 
19311 c m' (see Table 1 for a quantitative comparison of the enzyme forms present after 
equilibration).. With 5 mM BV (Fig. 4, trace C) the final equilibrium was likewise reached 
withinn 300 ms. The ratio of the 1950 and 1931 cm"1 bands now differed since more BV was 
presentt causing the final potential to be higher. The ratio of the 1950 to the 1931 cm * band 
wass close to that obtained when enzyme in the Nia-C*  state was mixed with 2 mM BV plus 
4000 /JM H2 (Fig. 8, B-C) indicating that the final potentials must be very similar. 

Thee specific H2-BV activity of the A. vinosum enzyme at pH 8 and 30 °C is about 300 U/mg. 
Thiss means that in the presence of excess BV and 800 jLtM H2 a redox equilibrium (or the 
completee consumption of H2) is attained within 200 ms (at 30 °C). This is in qualitative 
agreementt with the experiments in Figs. 4 and 8. These experiments also show, for the first 
time,, that the conversion of the Ni a-C*  state to the Nia-S state is fast the presence of a redox 
dye.. The reaction can be written as Eq (13): 

Fe2 +(H")Ni 3 +.P+M 0D++ + 2BV <S> Fe2 +-Ni 2 +.P2 +M°D + + 2BV + 2H+ (13) 

Dependingg on the final potential in addition to the Ni-Fe centre, the distal cubane cluster may 
alsoo be oxidized. In view of the size of BV, it is unlikely that it can enter the gas channel in the 
enzyme.. Hence, the most likely reaction site is the exposed edge of the distal Fe-S cluster. It 
shouldd be remembered that the turnover of the enzyme at a pyrolytic graphite electrode is 
muchh higher (1500-9000 s"1 at 30 °C {Penhad 1999; Jones 2002)) than in the H2-BV reaction 
(4700 s"1). This means that during the activity assay the enzyme is predominantly in a reduced 
statee making it unlikely that the Nia-S state is involved. 

4.3.3.. Reaction of the N^-S state wit h reduced methyl viologen 

Thee reduction of the Nia-S(rrr) state at pH 8 by reduced MV is shown in (Fig. 11-1, E-F). It is 
completedd within 200 ms. When 50% reduced, the MV wil l initiall y create a potential of 
aboutt -449 mV. As no H2 is present in the enzyme solution in the N^-S state, the reduced MV 
wil ll  cause some H2 production. This means that mainly Nia-C is expected. Indeed a mixture of 
566 % Ni a-C*  and 44 % Nia-SR was observed. 

4.4.4.4. React ion wi t h oxygen 

Onee can think of at least two mechanisms for oxygen to react with the reduced enzyme. It 
couldd be reduced by electron transfer at the solvent-exposed edge of the distal [4Fe-4S] cluster. 
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Sincee the reaction of H2 with active enzyme is diffusion limited, this would result in the 
reductionn of 02 with concomitant oxidation of H2 (the Knallgas reaction). A second possibility 
iss that 02 , assuming it can enter the gas channel, reacts directly at Ni-Fe site. In this case the 
likelyy product (OH"/H20) would be formed at the Ni-Fe site allowing the Ni ion to be 
oxidizedd to Ni 3 +. Thus, formation of a Fe2+(OH")Ni 3+ species (either N r*  or NiQ* ) would occur 
andd the enzyme would be inactivated with respect to any further reaction with H2. Evidence 
forr both mechanisms occurring can be found in the literature. Re-oxidation of H2-reduced 
enzymee (in H2

l óO) with 1 702 resulted in a 1 70 species bound to nickel in the ready and unready 
statess {van der Zwaan 1990). Similar experiments performed in H2

1 70 with 1 602 likewise 
resultedd in 1 70 binding to nickel (Carepo 2002). In both cases the enzyme was rendered 
inactive.. Thermodynamically 0 2 and its reduction products (superoxide, peroxide) are capable 
off  oxidising all of the redox active groups present in the enzyme. This was observed with 
enzymee in the Nia-SR state (Fig. 5-1, trace E) and the NÏ.-C*  state (not shown). In both cases 
thee reaction was completed within the dead time of the instrument. These experiments do not 
alloww any conclusion as to the reaction site(s) of oxygen. 

Inn the experiment of Fig. 10 a sub-stoichiometric amount of 0 2 (12.5 fiM final concentration) 
wass used to react with 40 jiM  enzyme in the Ni»-C* state. At the start of the reaction at pH 6 
wee can write the N^-C* state as Nia-C*(orr) but cannot exclude that a percentage the distal 
clusterss is present in an oxidised form. If oxygen is reduced by four electron equivalents 
donatedd from the same enzyme molecule, then about one third of the enzyme molecules 
wouldd be expected to be initially oxidised to the Ni t*(ooo) (or Niu*(ooo) state (assuming 
electronn redistribution between reacted, partially reacted and unreacted enzyme does not occur 
onn the time scale of observation, see below). Indeed a clear band around 1944 cm" was 
observedd within 300 ms, while the 1950 cm"1 band decreased (Fig. 10, A-B). A t the present 
resolutionn (4 cm"1) we cannot tell from this spectrum whether this band is due to the Ni r* 
(19433 cm'1) or Ni u*  (1945 cm"1) state. Also a 1931 cm"1 band (Nia-S/Ni,-S1931) is clearly 
presentt at 300 ms. This could be due to the reaction of the residual Nia-SR states: 

Fe2+(H")Ni 2+.P+M°D ++ + 3H+ + 0 2  Fe2 +(H2O)Ni2 +.P2 +M 0D2+ + H 2 0 (14) 

orr to an incomplete reduction of oxygen by the Nia-C*  state via the distal cluster: 

Fe2+(H")Ni 3+.P2+M°D ++ + 0 2 + H + -» Fe2 +-Ni 2 +.P2 +M°D 2+ + H 2 02 (15) 

Thee mixture of states (Ni,* , Niu* , Nia-S and Nia-C*) obtained at 300 ms wil l subsequently 
comee to redox equilibrium via slow intermolecular reactions. Hence, reducing equivalents still 
presentt in the Nia-C*(orx) state at 300 ms wil l be used to re-reduce the Ni r u*  states, whereas 
att pH 6 the Nia-S and Nr-S1931 states wil l be formed (both with a 1931 cm"1 band). This is 
indeedd what is observed (Fig. 10, C-E). Complete reduction of 12.5 fiM 02 to water requires 
500 /xM reducing equivalents. Hence, after complete equilibration each enzyme molecule in the 
Nia-C*(orr)) state must have provided (at least) one electron: 

Fe2+(H")Ni 3+.P2+M°D ++ » Fe2 +-N i 2 +.P2 +M +D + + e" + H + (16) 

Thiss is in agreement with the observed intense 1931 c m' band. 

5.. C O N C L U S I O NS 

Althoughh the conventional mixing technique used in the present SF-FTIR experiments did not 
alloww detection of possible intermediates during turnover of the active A. vinosum {NiFe} -
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hydrogenase,, many new observations were made. The most important ones are summarised 
below. . 

1.. The reaction of excess H2 with enzyme in the Nia-S/Nir-S1931 states was complete within 200 
mss at both pH 8 and 6. In both cases the Nia-SR states were the products. Depending on the 
redoxx state of the cubane clusters, the reaction can proceed directly (Eq. (5a)) or with the Nia-
C**  state as an intermediate (Eq. (5b)) (see Fig. 1). 

2.. The reaction of H2 with enzyme in the Nij-C*  state with both cubane clusters reduced is not 
possible.. I t is concluded that an oxidized proximal cluster is essential this reaction. This is 
consideredd as the rationale behind the fact that all {NiFe]-hydrogenases contain a proximal 
clusterr in addition to the active site. Together these groups form an effective n = 2 redox entity 
forr the oxidation of H2. 

3.. The experiments show, for the first time, that the conversion of the Nia-SRand Nia-C* 
statess to the Nia-S state is fast in the presence of excess BV. They further show that this 
mediatorr indeed promotes a rapid equilibrium of all redox states. 

4.. Enzyme in the Nia-S and Nia-SR states can react with CO within 300 ms (Eqs. (8) and (12)). 
Thee reaction of Ni a-C*  with CO is considerably slower (Eqs. (10) and (11)). This is presumably 
duee to the fact that the dissociation of H2 from Nia-C* , which is extremely slow in the absence 
off  CO, is rate limiting. Together these observations suggest that the Nia-C*  state is not an 
intermediatee in the reaction of Nia-SR with CO. 

5.. From the reaction of enzyme in the active Nia-SR state with excess 02 it is concluded that 
0 22 has access to the gas channel in the enzyme and reacts directly with the Ni-Fe site to form 
thee inactive Ni r*  state. 

6.. The turnover of the enzyme with H2 at a pyrolytic graphite electrode is diffusion controlled 
andd much higher than any routine H2-A activity assay (A = artificial electron acceptor) 
{Pershad{Pershad 1999; Jones 2002). This means that during such assays (with excess H2) the enzyme 
wil ll  predominantly shuttle between the Nia-C*  and Nia-SR states (Eq. (8)). If the H2 

concentrationn becomes very low, as often found in natural habitats of H2-metabolizing 
bacteria,, then the Nia-S to Nia-C*  transition may be the main redox shuttle. 
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