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ActivationActivation of the A. vinosum [NiFe] hydrogenase 

ABSTRACT T 
Standardd [NiFe] hydrogenases can occur in numerous different redox states. Several oxidised, inactive 

statess are separated by an energy barrier from a number of reduced, active states. This barrier can be 

overcomee by a reductive activation. In the case of the membrane-bound [NiFe] hydrogenase from 

AllochromatiumAllochromatium vinosum this procedure involves incubation under hydrogen gas at elevated 

temperaturee for at least half an hour. In this study we correlate FTIR characteristics to activities of 

isolatedd redox states and present a model for the process of reductive activation. We identified two 

inactivee Nir-S states that are in acid-base equilibrium. The proposed model for reductive activation 

involvess the protonation of a hydroxide that is bound to the active site. The subsequent liberation of 

thee formed water molecule from the active site yields active enzyme. 
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Hydrogenasess are oxidoreductases that catalyse the reversible conversion of hydrogen gas to two 

protonss and two electrons. The membrane-bound [NiFe] hydrogenase (MBH) of AUochromalium 

vinosumvinosum is structurally very similar to the periplasmic hydrogenase of Desulfovibrio gigas. The crystal 

structuree of the latter enzyme has been determined to a resolution of 2.54 A (Volbeda, 1995,1996a). 

Bothh enzymes consist of a large subunit (-60 kDa) that contains the active site and a small subunit 

(-300 kDa) in which three iron-sulphur clusters are located in a virtually straight line: two [4Fe-4S]1+"t 

clusters,, one proximal and one distal relative to the active site, and a [3Fe-4S]1+/0 cluster in between. 

Thesee clusters most probably function as a 'wire' through which electrons can be transferred from the 

activee site to an electron acceptor at the molecule's surface. The binuclear active site consists of a 

nickell  and an iron atom bridged by the sulphurs of two cysteine residues; two terminal cysteines 

coordinatee to the Ni. The crystal structure further shows three diatomic, non-protein ligands bound 

too iron (Volbeda, 1995,1996a). 

Usually,, the nickel ion in the active site of as-isolated A. vinosum MBH is largely (>75%) in a 3+ 

oxidationn state and displays two different rhombic EPR spectra (Albracht, 1983) similar to the D. gigas 

enzymee (Cammack, 1986). These two inactive states are named the 'unready' (Niu" or Ni-A) and the 

'ready'' (Nir*  or Ni-B) state, because enzyme in the Niu*  state is only very slowly activated by hydrogen 

whilstt enzyme in the Nir" state is easily activated (Fernandez, 1985). To become active, [NiFe] 

hydrogenasess can be incubated in the presence of hydrogen (Berlier, 1982; Lisselo, 1984). Routinely, 

thee A. vinosum MBH is activated by exposing the enzyme to H2 at an elevated temperature (50°C). 

Thiss accelerates the 'reductive activation' process and ensures full activation of ready and unready 

enzymee (Coremans, 1992b). After activation, a third paramagnetic state can be observed: the Nit-C* 

state,, an active state that is optimally observed by partial reduction under 1% hydrogen at pH 6 (Van 

derder Zwaan, 1985; Coremans, 1992a). Under 100% hydrogen the Niê-C' state is in equilibrium with the 

fullyy reduced, EPR silent Nit-SR (Silent Reduced) states. An overview of all currently identified redox 

statess of the A. vinosum enzyme was presented in (Happe, 1999). An elaborate overview on all aspects 

off  hydrogenase research is presented in a recent book on this topic (Cammack, 2001). 

Inn cooperation with Bagley et al. the first FTIR spectroscopic study on CO-inhibited A. vinosum MBH 

wass performed (Bagley, 1994). Carbon monoxide is a competitive inhibitor of most [NiFe] 

hydrogenasess that was thought to bind at the active site Ni. One absorption band at 1960 cm'1 could 

positivelyy be attributed to the inhibiting CO molecule by inhibition with "CO and agreement of the 

observedd peak shift with the theoretically calculated value (Bagley, 1994). Surprisingly, a typical 

patternn of three infrared absorption bands in the 2100-1900 cm"' spectral region was observed in 

additionn to the exogenous CO absorption band (Bagley, 1994). The peak positions of these additional 

bandss shifted with the redox states of the enzyme (Bagley, 1995). Even more surprisingly, a 

comparativee study showed that absorption bands in the 2100-1900 cm'1 window were exclusively 

foundd in [NiFe] and [Fe] hydrogenases (Van der Spek, 1996). Isotopic labelling of A. vinosum MBH 

withh "C and "N showed that these absorptions could be attributed to two (vibrationally coupled) 

cyanidee ligands and one carbon monoxide ligand (Happe, 1997; Pierik, 1999). Similar bands with 

correspondingg properties were observed in the D. gigas [NiFe] hydrogenase (Volbeda, 1996a; DeLacey, 

1997).1997). The CN and CO ligands were subsequently assigned to the three diatomic molecules 
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coordinatedd to the Fe site. Since the FTIR characteristics of these ligands changed with redox changes 

inn the active site (Bagley, 1995; DeLacey, 1997) this provided us with a tool to study all redox states of 

[NiFe]]  hydrogenases, including the ones that were EPR silent. 

Inn this study, we present a survey of the redox states of the membrane-bound [NiFe] hydrogenase 

fromm A. vinosum. A new, inactive state is identified and a model for the (in)activation is presented. It is 

postulatedd that the bridging oxygen species in inactive enzyme has to be protonated to a water 

moleculee that can leave the active site to yield active enzyme. 

MATERIAL SS AND METHODS 

PurificationPurification of the A. vinosum MBH. A. vinosum (DSM 185) was grown in a 700 litre batch culture 

(Van(Van Heerikhuizen, 1981) in a medium essentially as described previously (Hendley 1955; Albracht 

1983).1983). Cells were harvested and the enzyme was isolated and purified as described before (Coremans, 

1992b).1992b). Protein concentrations were determined according to the method by Bradford (Bradford, 

1976). 1976). 

ActivityActivity measurements. Hydrogenase activity was measured amperometrically at 30°C in a cell (2.15 

ml)) with a Clark-type electrode (YSI 5331) (Coremans, 1989). The buffer in the assay was Tris-HCl (50 

mM,, pH 8.0). Water, saturated with H2, was added to a final H2 concentration of 36 uM. Oxygen was 

scavengedd from the reaction vessel using a glucose (90 mM) plus glucose oxidase (2.5 mg/ml). 

Catalasee (10 ug/ml) was added to consume formed hydrogen peroxide. As electron acceptor either 

benzyll  viologen (BV, 4.2 mM, E0'- -359 mV) or methylene blue (MB, 1.9 mM, E0'= +11 mV) were 

used.. Glucose, catalase and the redox dye were added to the buffer solution in the measurement cell. 

Thee cell was closed and glucose oxidase was added to scavenge 02. Then 100 ul of H2 saturated water 

wass added and 2 minutes after the addition of the glucose oxidase, the hydrogenase sample was added. 

Thee buffer solution was gassed with Ar to reduce the initial O, concentration. 

Fourier-transformFourier-transform infrared spectroscopy. FTIR spectra were taken on a BioRad FTS 60A 

spectrophotometerr equipped with an MCT detector. Spectra were recorded at a resolution of 2 cm' at 

temperaturess ranging from 2 to 38°C. To regulate the temperature of the FTIR measurement cell a 

home-builtt cooling device containing a Peltier heat-exchange element was used. Typically, averages of 

6844 spectra were taken against buffer blanks. Enzyme samples (12 ul, 50 to 100 uM) were loaded 

anaerobicallyy into a gas-tight transmission cell. CaF2 windows were kept approximately 50 um apart 

usingg Teflon spacers. Spectra were baseline corrected using the BioRad software and fitted using 

Gaussiann functions using the GRAMS software (Galactic Ind. Corp.). . 

FTIRR redox titrations were performed using a Nicolet 5ZDX Fourier Transform Infrared 

spectrophotometerr equipped with an MCT detector. The cell used (7.5 um path length, CaF, 

windows)) was as described before (Moss, 1990). Enzyme solution (-1.2 mM, 10 ul) in a 37.5 mM MES 

// MOPS / Tris buffer of pH 6.0 or 9.0 was titrated in the presence of redox mediators (0.5 mM) and 
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1000 mM KG. The redox mediators used were methylene blue (E'0= +11 mV), indigo-tetrasulphonate 

(E'0== -46 mV), 2-hydroxy-l,4-naphtaquinone (E'0= -139 mV), anthraquinone-l,5-disulphonic acid 

(E'0== -170 mV), anthraquinone-2-sulphonate (E'0= -225 mV), phenosafranine (E'<= -252 mV), 

neutrall  red (E'0= -329 mV), benzyl viologen (E'0= -359 mV) and methyl viologen (E'0= -446 mV). The 

redoxx potential, measured against an Ag/AgCl reference electrode, was controlled with a BAS CV-27 

potentiostatt and measured with a Fluke 77 multimeter. Equilibration time was 2-3 minutes (DeLacey, 

1997)1997) and the cell temperature was controlled with a HETO C7 CV10 thermostat. Averages of 1024 

spectraa at 2 cm"1 resolution were calculated and processed using the OMNIC software provided by 

Nicolet.. Whenever the pH of the buffer systems was temperature dependent, the pH given in the 

descriptionn of the experiments was corrected for this dependency. 

RESULTS S 

CharacteristicsCharacteristics of the inactive states 

Oxidised,, inactive enzyme, showing EPR signals due to the Nir' or the Niu' states, respectively, were 

preparedd up 95% homogeneity as described before (Bleijlevens, 2001a). 

TheThe unready states. Under the applied activity-assay conditions (30°C, 36 uM U2) it was impossible to 

activatee unready enzyme and hence this form showed no uptake activity. It made no difference if the 

enzymee was in the oxidised (Niu') or in the one-electron reduced state (Niu-S, subscript u for unready, 

SS for EPR-silent). The FTIR spectra of both states are displayed in Figure 1, left panel. In the spectrum 

off  the reduced unready enzyme also a small amount of reduced ready enzyme was observed (v(CO) at 

19311 era'1). Since the reduction experiment took -90 min this transition to ready enzyme could not be 

prevented,, not even at 2°C. Electrochemical reduction of the Nio' to the Niu-S state at pH 6.4 at 2°C 

wass monitored with FTIR and the apparent integrated intensity of the CO absorption band was 

plottedd against the electrochemical potential (Figure 1, right panel). 

.. , i , 1 o J 1 1 1 c 1 1 — 

21000 2050 2000 1950 1900 0 -100 -200 

Wavenumberr (cm1) E « . SHE (mV) 

Figuree 1. Left panel: FTIR spectra of A. vinosum [NiFe] hydrogenase in the unready states: (A) the oxidised Ni„ 
statee and (B) the one-electron reduced Niu-S state. Right panel: reduction of A. vinosum in the Ni„  state at pH 6.4 
att 2°C as monitored with FTIR spectroscopy. The normalised CO absorption peak areas are plotted against the 
redoxx potential. The solid line is a Nernst-fit of a one-electron process. Ni„',  (1945 cm'); Ni„-S, O (1948 cm"'). 
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Thee reduction of Niu to Niu-S could be fitted as an n=l Nernst function with a midpoint potential of-

822 mV at pH 6.4 (Figure 1, right panel). Similar FTIR experiments on the D. gigas [NiFe] hydrogenase 

(DeLacey,(DeLacey, 1997) and EPR redox titrations on A. vinosum (Coremans, 1992b) and D. gigas [NiFe] 

hydrogenasee (Cammack, 1982) also showed that the Niu' to Nio-S conversion could be fitted as an n=l 

processs that was charge-compensated by a protonation. 

TheThe ready states. In activity measurements the Nir state showed a short lagphase (1-2 min) before 

maximall  H2-uptake activity was reached with BV as electron acceptor (Bleijlevens, 2001b). If MB was 

usedd as an electron acceptor, the hydrogenase activated much slower than with BV (~5 min at 30°C). 

EPRR redox titrations had already shown that reduction of [NiFe] hydrogenase from A. vinosum in the 

Nir'' state at low temperature (2°C) at pH 6 yielded EPR-silent enzyme (Coremans, 1992a). In addition, 

thee titration was irreversible. In an activity assay with the electron acceptor BV the EPR-silent enzyme 

wass initially inactive but after a short lagphase it activated and maximal activity was swiftly reached 

(Coremans,(Coremans, 1992a). 

Inn order to study these processes in more detail, temperature-controlled FTIR redox titrations were 

performedd at pH 6 and 9. The reductive titrations were started from the oxidised ready (Nir) state and 

thee temperature was kept at 2°C to prevent crossing of the activation barrier. In Figure 2 FTIR spectra 

off  the initially oxidised enzyme (+100 mV) and finally reduced enzyme (-150 mV) during the 

reductivee titrations of the Nir' state at pH 6.4 and 9.4 at 2°C are shown. The relative intensities of the 

COO absorption peaks increased by approximately 30% when enzyme was reduced from the Nir' to the 

Nir-SS states. The intensities of the cyanide peaks increased by approximately the same factor. At pH 

6.44 reduction of enzyme in the Nir' state (1943, 2079, 

20900 cm"1) yielded mostly enzyme in the Nir-S„3] 

statee (1931, 2073, 2084 cm"1, Figure 2, trace B). AtpH 

9.44 the majority was in the Nit-S„,0 state (1910, 2053, 

20677 cm', Figure 2, trace D) after reduction. From 

Figuree 2 one can clearly see that the stoichiometry of 

thee two reduced ready states varied with pH. 

.O O 

< < 

pHH 6.4 

2090 0 
AA A» 2079 

1943 3 

Ml Ml 

0.0011 A 

2073 3 

B B 
2067 7 1931 1 

JIMI 2 2 2055 5 1913 3 

pH9.4 4 

2090 0 

CC A A 2079 

1943 3 

JAJ J 
2073 3 

2084 4 

DD \ 
2067 7 

2052 2 
1930 0 

11 1 1 1 1— 
21000 2050 2000 1950 1900 

Figuree 2. FTIR spectra of the low temperature (2°C) 
reductivee titrations of A. vinosum [NiFe] hydrogenase in 
thee Nir' state. (A) Initial (+100 mV) and (B) final redox 
statee (-150 mV) spectra at pH 6.4; (C) initial (-30 mV) and 
(D)) final redox state (-270 mV) spectra at pH 9.4. 

Wavenumberr (cm-1) 
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Inn Figure 3 the reductive titration of Nit' at 2°C is shown at pH 6.4 (panel A) and at pH 9.4 (panel B). 

Thee normalised areas of the CO absorption peaks are plotted against the applied potential in the cell. 

Too allow comparison it is assumed that the absorption coefficient of the CO absorption remains 

constantt in the different redox states. As already shown in Figure 2, at pH 6.4 the low-temperature 

reductionn of Nir' (v(CO) at 1943 cm') mainly yielded a species with a v(CO) at 1931 cm'. A small 

amountt of a species with a v(CO) at 1910 cm'1 was formed but the band was not very well defined and 

thereforee difficult to quantify. The Nir' state titrated with a midpoint potential of -77 mV (Figure 3). 

Uponn reduction at pH 9.4 two one-electron reduced (Nir-S) states were observed, one with a v(CO) 

bandd at 1910 cm'1 and one with a v(CO) band at 1931 cm'1. Both states appeared simultaneously. The 

Nir'' state titrated with a midpoint potential of-175 mV and could be fitted with one-electron Nernst 

functionss (Figure 3). Since the previously described H2-uptake activity measurements with BV as 

electronn acceptor (Coremans, 1992b) suggest that both these states are still inactive under these 

conditions,, these states are named Nir-Sl910 and Nit-Sl931 (subscript r for ready, S for EPR-silent). 

i — i — i — i — i — i — i — i —— — ' 1

1000 0 -100 -200 0 -100 -200 
EE VS. SHE (mV) E vs . SHE (mV) 

Figuree 3. Reduction of A. vinosum in the Nir' state at pH 6.4 (A) and pH 9.4 (B) at 2°C as monitored with FTIR 
spectroscopy.. The normalised areas of the CO absorption peaks are plotted against the redox potential. Solid 
liness are Nernst-fits of one-electron processes. Nit", • (1943 cm'); Ni,-S, O (1931 cm"'); Nir-S, D (1910 cm"'). 

OxidationOxidation of the Nir-S states atpH 6 andpH 9. The oxidation of the Nir-S states to the Nir' state was 

studiedd at an intermediate temperature of 15°C at pH 6 and 9 (Figure 4). The temperature was chosen 

suchh that the oxidation process could be followed with FTIR spectroscopy. At 2°C the oxidation of the 

Ni-SS was very slow, as was also observed in the EPR titrations at 2°C (Coremans, 1992b). At 25°C on 

thee other hand, the oxidation reaction was too fast and could not be followed with FTIR spectroscopy. 

Firstt enzyme in the Nir' state was reduced to a potential where the Nit-S states were present (-150 mV 

att pH 6 and -270 mV at pH 9). Then, at t=0 min an oxidative potential of+ 100 mV was applied to the 

measurementt cell and FTIR spectra were recorded. The pH values of the buffers at 15°C were 6.2 and 

9.3.. Initially, the Nir-S,910 was the main species at pH 9.3 while at pH 6.2 the Nir-S„31 species was mainly y 

presentt (as described in Figures 2 and 3). In Figure 4 the sum of the areas of the two v(CO) bands of 

thee Nir-S states is monitored in time. This showed that at pH 9.3 the oxidation of the Nir-S states was 
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approximatelyy three times faster than at pH 6.2. As before, at pH 6.2 the Nir-Sl9JI state predominated, 

whereass the Nir-Sl910 state was most abundant at pH 9.3. The rate constants for the oxidation of the 

-4.655 • 102 min'1 and kpH62= -1.36 • 10'2 mm'. 

Figuree 4. Semilogarithmic plot of the oxidation of the Nit-S 

speciess at 15°C at pH 6.2 and 9.3. A. vinosum MBH in the 

Nir'' state was reduced to the Ni,-S states, -150 mV at pH 6.2 

andd -270 rnV at pH 9.3. At t=0 min the electric potential in 

thee FTIR cell was set at +100 mV and changes in the FTIR 

spectraa were monitored in time. The logarithm of the sum of 

thee 1910 and 1931 cm"1 absorption band areas is plotted in 

time. . 

timee (min) 

CharacteristicsCharacteristics of the active states 

Too prepare the active states the A. vinosum MBH had to be activated by a reductive activation. Then 

thee redox potential in the samples was set by manipulation of the partial H2 pressure and the pH of 

thee solution. 

TheThe Nia-S states. The most oxidised, active state was called the N^-S state. To prepare this state the A. 

vinosumvinosum MBH was completely reduced under 100% H2 at pH 8 (30 min at 50°C) and then the 

hydrogenn gas was removed from the sample by evacuation and flushing with Ar (8 times). When the 

samplee was then left under Ar at 4°C for three days, it ended up in the NiÉ-S state. Since the sample in 

thee N^-S state is highly oxygen sensitive, anaerobic conditions were carefully maintained while 

loadingg it into the gas tight FTIR measurement cell. The FTIR spectrum showed a CO absorption at 

19311 cm'1 and CN" absorptions at 2073 and 2084 cm'1 (Figure 5, trace A). In an activity assay enzyme 

inn the Ni^S state showed immediate hydrogen-uptake activity (Bleijlevens, 2001b). 

Thee active site of reduced MBH is not only sensitive to oxidation by oxygen, it also reacts with the 

inhibitorr carbon monoxide (K~25 uM). To prepare the A. vinosum MBH in the highly homogeneous 

Nis-SS CO state, enzyme was first reduced and activated under 100% H2 (45 min at 50°C, pH 8.0). Then 

H22 was exchanged with CO by evacuation and flushing (8 times). The binding of exogenous CO to the 

active-sitee Ni resulted in an extra absorption band at 2054 cm'1 (Figure 5, trace B). The remaining 

threee absorption bands were at 1929, 2068 and 2080 cm'. This state is named the NNS-CO state. 

TheThe Nia-C' state. The more reduced active states (N^-C' and NUSR) are in equilibrium with each 

other,, but not with the N^-S state when activated enzyme is incubated in the presence of H2 

(Coremans,(Coremans, 1992a). EPR studies had shown that the intensity of the Ni rC' EPR signal could be 

optimisedd by the incubation of activated enzyme under a gas mixture of 1% hydrogen and 99% argon 

(Van(Van der Zwaan, 1985). Besides the partial gas pressure, also the pH of the sample influenced the 

Nit-SS states, derived from this plot were k H93= 

ar ar 
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amountt of detectable paramagnets. At pH 8.0 a spin concentration of ca. 55% was observed whereas 

att pH 6.0 a spin concentration of 90% was detected (Coremans, 1992a). Both the pH and the partial H2 

pressuree are varied to manipulate the redox potential. Theoretically, the redox potential of a solution 

off  H2 at a certain pH is given by equation 1: 

Emm = - (RT / F log e) * pH - (RT / 2F log e) log PH; (1) ) 

withh R the gas constant (8.314 J mol' K"'), T is the absolute temperature in Kelvin, F is Faraday's 

constantt (96,487 C mol') and P„2 is the partial hydrogen pressure in the gas phase over the solution. 

Thee Nia-C' state was prepared by the incubation of activated enzyme under 1 % H2 gas at pH 6 and pH 

99 (Figure 5, traces C and D). The calculated redox potentials under these conditions are -295 mV at 

pHH 6 and -465 mV at pH 9. The FTIR spectrum at pH 6.0 shows the A. vinosum MBH in 

predominantlyy the Nia-C' state (85% as determined from the fitted peak areas of the CO absorption 

bands)) with a CO absorption band at 1951 cm'1 and CN" absorptions at 2073 and 2085 cm"' (Figure 5, 

tracee C). Two small satellite peaks were observed in the CO absorption area at 1936 and 1921 cm', 

correspondingg to the more reduced Nia-SR species. At pH 9.0, the spectrum was less homogeneous 

(Figuree 5, trace D). The NUC" band (60%) slightly shifted to 1948 cm'1 and the two extra bands at 

19366 and 1921 cm'1 increased. The cyanide absorption region (2050-2100 cm') reflected the decrease 

inn homogeneity as several additional overlapping absorption bands were observed (Figure 5, trace D). 
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Figuree 5. FTIR spectra of active [NiFe] hydrogenase from A. 

vinosum.vinosum. (A) In the Ni.-S state: activation under 100% H2, 45 

min,, 50°C, pH 8, replacement of H2 with Ar and waiting for 

threee days at 2°C; (B) In the Ni.-S-CO state: activation (100% 

H2,, 30°C, 45 min, pH 8) and replacement of H2 with CO, 30 

min,, RT; (C) In the Ni.-C' state at pH 6: activation (100% H2, 

50°C,, 45 min, pH 6.0) and replacement of 100% H2 with a 

mixturee of 1% H2/99% He, 15 min, RT (calculated redox 

potential:: -295 mV); (D) In the Ni,-C' state at pH 9: as in B but 

att pH 9.0 (-465 mV); (E) In the Ni,-SR states at pH 6: activated 

underr 100% H2 at pH 6.0, 45 min, 50°C (-349 mV) and (F) In 

thee Ni,-SR states at pH 9: as in E but at pH 9.0 (-523 mV). All 

spectraa were collected at 25"C. Peaks in spectra E and F were 

fittedd using Gaussian functions. Fits of the total spectrum 

(dashed(dashed lines) and the isolated peak fits (dotted lines) are shown. 

Thee residual spectra (lower solid lines) are differences of the 

experimentall  spectra and the simulated spectra. 
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TheThe Nie'SR states. When the A. vinosum MBH was incubated under 100% H2, the equilibrium 

betweenn the Ni,-C* state and the Ni,-SR states shifted towards the Ni,-SR states and the FTIR spectrum 

consistedd of a mixture of states: three CO absorption bands and five CN" absorption bands were 

observedd {Figure 5, traces E and F). The intense CN' absorption band at 2073 cm'1 was the result of 

twoo CN' overlapping absorption bands. The different fully reduced species are named Ni,-SRin<, Ni(-

SR19211 and Ni^SR,,,,. The ratio of the different reduced species differed with pH. Complete reduction 

off  hydrogenase (100% H3,50°C, 30') at pH of 6.0 (Figure 5 trace E, calculated redox potential: -349 

mV)) or pH 9.0 (Figure 5, trace F, -523 mV) resulted in a change of relative peak areas. A mixture of 

bufferr components was used to circumvent influences of different salt concentrations (50 mM MES 

andd 50 mM CAPSO, adjustment of pH to 6.0 or 9.0 with either NaOH or HC1). 

Tablee 1. Overview of the characteristics of the CO/CN' absorption peaks in the FTIR spectra of the 

redoxx states of the A. vinosum [NiFe] hydrogenase detected thus far. 

State e 

Ni." " 

Ni.-S S 

Ni," " 
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Ni f-S,„, , 

Ni.-S S 

Ni,-S-CO O 
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Ni.-SR1M1 1 

Ni.-SRltl , , 

v(CO) ) 

1945 5 
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1943 3 
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2088 8 

2079 9 
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2073 3 
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2100 0 

2090 0 

2067 7 

2084 4 

2084 4 

2080 0 

2085 5 

2084 4 

2072 2 

2064 4 

~2058w w 

Angle" 1 1 

77° ° 

84° ° 

80° ° 

69' ' 

74° ° 

78° ° 

86° ° 

87° ° 

.(W) ) 

--

81° ° 

--

Thee enzyme redox states are in column 1. Absorption maxima of the stretch vibration of the CO ligand and the 
coupledd antisymmetric and symmetric stretch vibrations of the CN" ligands (in cm'1) are presented in columnss 2, 
33 and 4, respectively. The calculated angle between the coupled CN"s is tabulated in column 5. 
(a)) The angle between the cyanide ligands (2a) was calculated using the relationship between a and the relative 
intensitiess of vibrationally coupled absorption peaks: 1^ /1,^= cotan'a (Cotton, 1988). 
(b)) could not be determined. 
(c)) estimated peak position. 
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DISCUSSION N 

OverviewOverview of the inactive states 

Whenn the results of the present study are combined with those of earlier studies on the A. vinosum 

MBHH (Coremans, 1992at 1992b) a scheme representing the observed redox states can be drawn (Figure 

6).. Activity measurements showed that it was possible to prevent activation of the A. vinosum MBH by 

coolingg (Coremans, 1992b). From the shape of the observed activity traces in a standard Hruptake 

assayy the active and inactive enzyme states could be distinguished (Bleijlevens, 2001b). 

TheThe unready states. The FTIR spectra of the oxidised unready (Nia') and the one-electron reduced 

unreadyy species (Niu-S) were rather similar (Figure 1); the CO absorption band shifted only 3 cm'1 to 

higherr wavenumbers upon reduction. This implies that the electron density on the active-site iron and 

itss ligands slightly decreases when reducing nickel from Ni3*  to Ni2+ in unready enzyme. Previous 

experimentss indicated that the added electron is charge-compensated by a proton (DeLacey, 1997). 

XASS measurements showed that the reduction of the Nio' to the Niu-S state is accompanied by a shift 

inn Ni K-edge energy of only 0.2 eV to lower energy (Davidson, 2000). This is too small for a one-

electronn reduction which, in model compounds, usually results in shifts of ~2 eV of the edge energy 

(Kirby,(Kirby, 1981). Apparently, the added electron is highly delocalised over the sulphur ligands in the NiB-

SS state. Note that the FTIR spectra report that the electron density on the Fe ion is thereby slightly 

decreased. . 

TheThe ready states. The reduction of Nir' was monitored at pH values 6.4 and 9.4 (Figures 2 and 3). At 

pHH 6.4 the reduction mainly yielded the Ni^S,,,, species while at pH 9.4 the Nir-S„10 species was 

predominant.. The reduction of the Nir*  state could be simulated as a one-electron transition both at 

pHH 6.4 and 9.4 (Figure 3). Both Ni,-S species titrated simultaneously, but the fraction Nir-S1Mfl and Nir-

SW11 varied with pH (Figure 2). The Nir' state titrated with an apparent midpoint potential (Em pH7J)) of-

977 mV with a pH dependence of-33 mV / pH unit (Figure 3). As this titration was irreversible at 2°C, 

thesee data should be interpreted with care. However, this pH dependency indicates that the one-

electronn reduction from Nir' state to the Nir-S states, according to Nernst's law, is accompanied by half 

aa proton which, of course, is an unrealistic proposal. The occurrence of the two isoelectronic Nir-S 

statess was shown to be pH dependent (Figures 2 & 3): the Nir-S„w state was favoured at high pH, 

whereass the Nif-Sl9JI state dominated at low pH. For the D. gigas hydrogenase a pKt of 8 was 

determinedd for the acid-base equilibrium between the two isoelectronic EPR-silent states (DeLacey, 

1997).1997). The presented data can be explained by the schemee in Figure 6: the reduction of Nir*  to the Nir-

S„BB state is assumed to be pH independent whilst the transition of the Nir-Sl9l0 state to the Nir-SIOTI 

statee involves the uptake of one proton. Since the two Nir-S states are isoelectronic and both appear at 

thee same potential, the net result is that the pH dependence of the midpoint potential can vary 

betweenn 0 and -59 mV per pH unit, dependent on the pH. 
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Figuree 6. Scheme summarising the observed redox states in the [NiFe] hydrogenase of A. vinosum. 

Thee crystal structure of the D. gigas hydrogenase contains a bridging oxygen ligand in the oxidised, 

mainlyy unready state (Volbeda, 1995, 1996a), a ligand that is absent in reduced Desulfomkrobium 

baculatumbaculatum [NiFeSe] hydrogenase (Garcin, 1999). Reoxidation of H2-reduced A. vinosum MBH with 02 

enrichedd in "O (I =5/2) showed that oxygen, originating from 02 was a ligand to Ni in both the Nir 
andd the Niu' state (Van der Zwaan, 1990). A recent "O ENDOR study showed that the bridging oxygen 

ligandd in the inactive states can also originate from H2"0 (Carepo, 2002). These studies also showed 

thatt the bridging ligand could not be exchanged in inactive, oxidised enzyme. Furthermore, HD-

exchangee EPR studies showed that the active site in the Nir' state, but not in the Niu' state, of A. 

vinosumvinosum MBH contains one proton that magnetically interacts with the unpaired electron on the Ni 

ionn that also only can be exchanged through activation of the enzyme (Bleijlevens, 2001a). We 

thereforee proposed that in the Nir' state a hydroxide ion is bound to the active site in a position 

differentt from that in the unready state and that this OH' group has to be removed to activate the 

enzymee (Bleijlevens, 2001a). Based on the results presented in this study, we propose that after 

reductionn to the Nir-S,„0 state, the hydroxide ion is protonated to water leading to the Nit-S1B) state. 

Thee activation step then involves the removal of the formed water molecule, resulting in an accessible 

activee site (Figure 7). The mobility of this water molecule is considered to be highly dependent on the 

temperature,, virtually fixed at 2°C but very flexible at T > 30°C. This model is supported by data from 

ann extensive Ni XAS study on the redox states of the A. vinosum MBH (Davidson, 2000). This study 

showedd that overall, there was littl e difference between the various redox states in terms of Ni K-edge 

energyy and coordination number. The only significant change in the position of the Ni K-edge was a 

1.66 eV shift to lower energy going from the Nir' to the Nit-S state. The EXAFS analysis suggested a 

decreasee in coordination geometry from five direct ligands in the Nir' to four in the Nir-S state. At the 

timee of the preparation of the Nit-S state for this XAS study by the Amsterdam group, it was not yet 

knownn that two electronically equivalent Nir-S states existed and the particular sample of A. vinosum 

MBHH was prepared at pH 6 and at 2°C (Davidson, 2000). With the information presented here, we can 

noww infer that the state prepared at pH 6 and at 2°C must have been mainly the Nir-S1931 state (Figure 

2).. If this state, as proposed in our model, contains a water molecule instead of a Ni-bound hydroxide, 

thenn the EXAFS data suggest that this water molecule is no longer bound (or close) to the Ni ion. 
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Figuree 7. Proposed mechanism for the process of (in)activation. 

Duringg the process of activation, the overall structure of the Fe-site in the active site does not change 

significantlyy as can be judged from the angles between the CN' ligands. These values must be 

interpretedd with care since baselining of the spectra may influence the absorption peak areas. 

Nevertheless,, no large deviations from the average angle (80°) were found, which rules out large 

conformationall changes of the active-site ligands as suggested by early theoretical studies (Pavlov, 

1998). 1998). 

Thee spectral shifts observed in the FTIR spectra of the Nir' and the Nir-S states differed strongly from 

thosee observed during the reduction of the Niu' to the Niu-S state. During the latter transition the 

v(CO)) band shifted only 3 cm"' to higher frequency whereas this shift was 33 cm"1 to lower frequency 

inn the case of reduction of the Nir' state at pH 9.4. At pH 6.4 the shift was 12 cm"1 to lower frequency. 

Apparently,, the reduction of the Ni ion changes the electronic properties of the Fe site to a different 

extentt in the ready and the unready one-electron reduced states. It seems as if the electron density 

incrementt in the active site in the one-electron reduced ready enzyme is not merely located on the 

sulphurr ligands of the Ni ion (as in the Niu-S state) but instead is spread out over the complete active 

sitee and partly localised on the Fe site. An increase of electron density in the valence d-shell of the Fe 

ionn results in stronger binding of the CO ligand to Fe via 7i-backbonding. This decreases the bond 

energyy of the CO ligand which results in a shift towards lower frequencies and thus to lower 

wavenumbers.. It is not yet clear how the difference in position of the OH' group bound to Ni, as 

inferredd from the clear difference in proton-hyperfine interaction in EPR spectra of the Nir' and Niu' 

statess (Bleijlevens, 2001a), induces this large difference in charge distribution between the Ni and the 

Fee upon reduction of the active site. 
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Thiss effect is strongest in the Ni,-Smo state, with a proposed hydroxide binding to Ni. This hydroxide 

mayy donate electron density to the Ni-Fe site resulting in an increased shift of the CO absorption band 

too lower wavenumbers (1910 cm'). When the negative charge of the OH" is neutralised by a proton 

andd a water molecule is formed, the charge density at the Ni-Fe site decreases and the CO absorption 

bandd shifts to higher frequency (1931 cm"1). 

OxidationOxidation oftheNiT-S states. The oxidation of the Nir-S species to the Nir' state was very slow at 2°C. 

Att 15°C the formation of Nir' proceeded slow enough to be monitored with FTIR and the reaction rate 

wass shown to be pH dependent (Figure 4). The rate constant at pH 9.3 was more than three times that 

att pH 6.2. Apparently, the 1931 cm'1 species first has to be deprotonated to the 1910 cm"1 species 

beforee it can be oxidised to the Nir' state. It must be born in mind that the redox potential of the Nir-S 

too Nir' state is pH dependent: at pH 6.4 the midpoint potential is -77 mV, whereas at pH 9.4 it is -175 

mV.. Although the applied oxidative potential was +100 mV at both pH values no influence thereof on 

thee kinetics is expected, since the applied potentials are both more than 120 mV over the midpoint 

potentialss of the respective transitions. 

Overvieww of the active states 

Thee initial step in the preparation of the active states of the A. vinosum MBH routinely involved the 

completee reduction under 100% H2 at 50°C for at least 30 min to ensure full activation of unready 

enzyme.. Thereupon, controlled oxidation yielded the (more or less) pure redox states. Active, reduced 

A.A. vinosum MBH was brought in the desired redox states by varying the Hj gas pressure and the pH of 

thee buffer system. 

TheNi„-STheNi„-S states. The most oxidised, active state was prepared by prolonged exposure of fully reduced 

enzymee to an inert gas atmosphere. The FTIR spectrum of this state (1931,1973,1984 cm"1) was 

identicall  to the spectrum of the most reduced state of the inactive ready enzyme at pH 6, the Nir-Sl9J1 

state.. For this state we propose that a water molecule near the active site is obstructing rapid access for 

HH . The identical FTIR spectra suggest that the electron density on the active site in general and on the 

Fee site in particular, is the same for the inactive Nir-S„„  state and the active Ni,-S state. Hence we 

assumee that the water molecule, blocking the active site in the Nir-S„31 state, is merely a 'plug' that 

stericallyy prevents hydrogen binding to the active site. Hydrogenase in the Nit-S state is very easily 

oxidisedd and inactivated by traces of oxygen. This indicates that the active site is readily accessible for 

gass molecules in this state. Not only oxygen, but also CO can bind to the active site of most [NiFe] 

hydrogenases.. Since it competitively inhibits hydrogen oxidation, it is thought to bind at the same site 

ass hydrogen. The FTIR spectrum of the NirS*CO state is rather similar to that of the Ni,-S state 

(Figuree 5, trace A and B). The three absorption bands of the intrinsic CN" and CO groups shift 2 cm' 

too lower wavenumber upon binding of CO, indicating that the external CO withdraws a littl e bit of 

electronn density from the active site. Photodissociation of the external CO at low temperature (<50 K) 

reversess this effect (Bagley, 1994). As the effect of CO binding on the electron density on Fe is only 

minutee and because the inhibiting CO is not vibrationally coupled to the intrinsic CO ligand, it is very 
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unlikelyy that both CO molecules are bound to the same metal site, i.e. Fe. Besides this rationale, recent 

experimentall  evidence also suggests that CO coordinates to the Ni site (Higuchi, 2000; DeLacey, 2002). 

TheThe Nia-C state. The FTIR spectra of A. vinosum MBH under 1% H2 were recorded at pH 6.0 and pH 

9.00 (Figure 5, traces C and D). These spectra illustrate why an optimal Ni.-C*  EPR signal is observed at 

pHH 6: the spectrum is mainly in the 1951 cm"' state at a calculated potential of-295 mV. At pH 9.0 (-

4655 mV) the CO absorption peak decreased and shifted to 1948 cm'. A peak shift of 3 cm'1 of the CO 

absorptionn band has previously been observed when the D. gigas gigas hydrogenase in the N^-S'CO state 

wass reduced from -220 mV to -420 mV (DeLacey, 2002). This shift was attributed to the reduction of 

thee proximal [4Fe-4S] cluster which has a midpoint potential of-350 mV (Teixeira, 1989). This 

hypothesiss was supported by an observed decrease in absorption at 420 nm when comparing UV-Vis 

spectrumm of the Nit-S*CO state at -220 mV to that of the Ni,-S«CO state at -420 mV (DeLacey, 2002). 

Wee think that the 3 cm'1 shift of the CO absorption band in the FTIR spectrum of the Ni,-C* state of 

thee A. vinosum enzyme is caused by the same effect: an interaction of the active site with the proximal 

Fe-SS cluster. EPR measurements on the D. gigas [NiFe] hydrogenase in the Ni,-C' state have shown 

thatt at 4.2 K the paramagnetic Ni centre magnetically interacts with the reduced, paramagnetic 

proximall  Fe-S cluster (Cammack, 1985; Dole, 1996). A similar coupling phenomenon has been 

observedd in the A. vinosum MBH in the Ni,-C' state at 4.2 K (Van der Zwaan, 1987) and it was shown 

that,, while present under 1% H2 at pH 9, coupling was minimal under 1% H2 at pH 6 (Coremans, 

1992b),1992b), in agreement with the observed differences in the FTIR spectra of the Ni,-C' state at pH 6 and 

99 (this work). 

Sincee the proximal cluster is strictly conserved in all [NiFe] hydrogenases, it has been proposed to play 

aa key role in the oxidation of hydrogen (Albracht, 1994). It was postulated that the active site and the 

proximall  cluster act as a functional entity in the reaction with H2, both accommodating one of the two 

electronss produced in the oxidation of hydrogen (Albracht, 2001). 

TheThe fully reduced states. The fully reduced states were prepared by activating the A. vinosum MBH at 

differentt pH values under 100% H2. The observed FTIR spectra show a mixture of states at both pH 6 

andd pH 9. A significant amount of NiÉ-C* (30%) was present in the mixture at pH 6. Remarkably, the 

amountt of Ni,-C' under 100% H2 at pH 6 (Em= -349 mV) is lower than at 1% H2, pH 9 {En=  -465 mV) 

althoughh a redox potential of-349 mV is closer to the optimal potential to observe the Nit-C' signal. 

Thiss shows that the state of the enzyme is not only determined by the redox potential but that also the 

availabilityy of H2 and H* is of importance. Under 100% H2 at pH 9 the calculated potential is -523 mV. 

Att this potential only 12% of the Ni,-C" signal remained and three Ni,-SR states were observed with 

COO resonances at 1936,1921 and 1913 cm'. Exposure of D. gigas hydrogenase to 1 bar of hydrogen at 

pHH 8 showed an FTIR spectrum with three CO vibrations: one absorption band at 1952 cm"1 from the 

Ni,-C**  state and two absorption bands at 1940 cm"1 and 1923 cm'1 from the Ni,-SR states (Volbeda, 

1996a),1996a), indicating that both enzymes show similar behaviour. 

Inn this study the first overview of FTIR spectra on the [NiFe] hydrogenase from A. vinosum is 

presented.. It is also the first time that reduced, active enzyme was manipulated into different redox 

47 7 



ActivationActivation of the A. vinosum [NiFe] hydrogenase 

statess without the use of redox dyes, but by varying pH and partial H2 pressure instead. This confirms 

thatt indeed all these redox states may be of physiological significance. 
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