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V .. INITIA L SPECTROSCOPIC CHARACTERIZATIO N OF TH E 
ACTIV EE SITE I N TH E MEMBRANE-BOUN D [NIFEJ-HYDROGENAS E 

(ECH)) F R OM METHAN0SARC1NA BARKERI 

S.S. Kurkin1,]. Meuer2, R. Hedderich2 and S.PJ. Albracbt1 

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

Amsterdam,Amsterdam, The Netherlands 

22 Max-Planck-Institut fiir  Terrestrische Mikrobiologie, Karl-von-Frisch-Strasse, D-35043 Marburg, Germany 

Thee membrane-bound {NiFe}-hydrogenase (Ech) from Methanosarcina barkeri has been studied 
byy UV-Vis, EPR and FTIR spectroscopy with emphasis on the properties of the Ni-Fe active 
site.. The UV-Vis spectra of the purified enzyme in several redox states could be largely 
explainedd by the redox changes of the three {4Fe-4S}  clusters. However, part of the changes in 
thee 400-500 nm region could not be attributed to redox changes of the Ni-Fe site or the Fe-S 
clusters.. EPR spectra of the purified enzyme showed signals very similar to those of standard 
[NiFe}-hydrogenases.. In contrast to the latter enzymes, the Nia-C*  state could not be induced 
byy equilibration with 1% (v/v) dihydrogen. FTIR spectra of the purified enzyme in the 2150-
18500 cm"1 spectral region showed absorption bands which could be ascribed to the stretch 
vibrationss of one metal-bound carbon monoxide (end on) and two metal-bound cyanide groups 
(endd on). The spectra were comparable with those from standard [NiFe}-hydrogenases. The 
changess in the position of v(CO) for different active states (Ni^-S, Nia-C*, Ni,-SR) in IR spectra 
weree similar to other [NiFe}-hydrogenases. The binding of external carbon monoxide was 
clearlyy reflected in the infrared spectrum. The Ech as purified under 4% (v/v) dihydrogen was 
highlyy sensitive towards oxygen. The infrared spectrum reflected a destruction of the Fe-
subsitee upon exposure to air. The Ech as present in membranes of M. barkeri was resistant 
towardss air. Also its sensitivity towards CO (K, = 150 jiM ) was lower than that of the purified 
enzymee (Kt = 65 |^M). The infrared spectra of membranes clearly differ from those of the 
purifiedd enzyme. That points to changes in or around the Ni-Fe site induced by the purification 
procedure. . 
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1.. INTRODUCTION 

Hydrogenascss (reaction: H2 < = > 2H+ + 2e~) are found in wide variety of micro-organisms. 
Ann understanding of the structure of the active site and the mechanism of action of these 
enzymess is of potential use for practical applications in a future hydrogen economy. 
Hydrogenasess are commonly classified on basis of their transition-metal content as {NiFe} -
hydrogenasess {Cammack 1989; Albracbt 1994), [Fe]-hydrogenases (Adams 1990) and metal-free 
hydrogenasess {Berkessel 2001). 

Al ll  [NiFe}-hydrogenases known so far consist of at least two subunits: a large subunit (of 
aboutt 60 kDa) and a small one (of about 30 kDa) (Albracbt 1994; Cammack 2001; Vignais 
2001).2001). The large subunit has two conserved CxxC motifs, one in the N-terminal region and 
onee in the C-terminal region. In some [NiFe]-hydrogenases the first Cys residue of this motif in 
thee C-terminal region is replaced by a selenocysteine residue. Such enzymes are known as 
[NiFeSe]-hydrogenasess and are often considered as a subclass of [NiFe]-hydrogenases (Stadtman 
1985).1985). The central part of the amino-acid sequence from the large subunit is rather variable 
amongg the enzymes of this class. 

Thee N-terminal region of the small subunits of the [NiFe]-hydrogenases display a conserved 
pattern,, CxxCxnGxCxxxGxmGCPP (n = 61 to 106, m = 24 to 61) (Albracbt 1994) providing 
fourr Cys residues for the binding of a {4Fe-4S}  cluster. Hence it has been assumed (Albracbt 
1994;1994; Albracbt 2001) that all [NiFe}-hydrogenases contain this {4Fe-4S] cluster. In most, but 
nott all amino-acid sequences, six to eight additional cysteine residues are found, which can 
harbourr two additional Fe-S clusters. As analysed by Albracht (Albracbt 2001) the type of these 
additionall  Fe-S clusters ([3Fe-4S], [4Fe-4S] with a His residue as ligand, or classical [4Fe-4S} 
clusters)) varies from one hydrogenase to another. 

Thee first X-ray structure of a [NiFe}-hydrogenases was one of the enzyme from Desulfovibrio 
gigasgigas (Volbeda 1995; 1995), crystallised aerobically in the oxidised, inactive state. This structure 
showedd that the four strictly-conserved cysteine residues in the large subunit bind a bimetallic 
Ni-Fee centre which is buried deep inside the enzyme molecule. Two Cys-thiols form a bridge 
betweenn the Ni and the Fe atom, while the remaining thiols are bound to Ni only. In addition 
too the two bridging thiol ligands, the Fe atom in the D. gigas enzyme was found to have three 
non-proteinn ligands (Volbeda 1995; Volbeda 1996). FTIR. studies on the Allochromatium vinosum 
[NiFc}-hydrogenasee provided strong evidence that these ligands were two CN" groups and one 
COO molecule, all non-exchangeable (Bagley 1994; Bagley 1995; van der Spek 1996); some time 
laterr experimental proof for this proposal was provided (Happe 1997; Pierik 1998). FTIR 
studiess on the enzymes from A. vtnosum (Bagley 1995) and D. gigas (Volbeda 1996) have 
revealedd that the different (redox) states of the active sites in these enzymes can be 
characterisedd by a unique set of three infrared bands arising from the CN" and CO groups. The 
bandss shift if the redox state of the active site is changed, or if the coordination of the Ni-Fe 
sitee alters during catalysis. 

Inn addition to the two bridging Cys-thiols ligand, a non-protein bridging ligand was detected 
betweenn the two metals of the Ni-Fe centre (Volbeda 1995); the electron density was 
interpretedd as an oxo- or hydroxo bridge (Volbeda 1995; Volbeda 1996; Happe 1997). In some 
casess a non-protein sulphur bridge was reported (Higucbi 1997). The aerobic, inactive enzyme 
hass to undergo a reductive treatment to become active. It was found that the bridging non-
proteinn species was thereby removed (Garcin 1998; Higucbi 1999). 
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Thee X-ray structure further revealed that the small subunit in the D. gigas enzyme contains 
twoo [4Fe-4S] clusters plus a {3Fe-4S] cluster positioned in a nearly linear fashion. One of the 
[4Fe-4S]]  clusters is located at a distance of about 14 A from the active centre and is called the 
'proximal'' cluster. This proximal cluster is bound to the protein by the four conserved Cys 
residuess in the N-terminal region of the small subunit. The other {4Fe-4S] cluster is located 
closee to the surface of the enzyme and is termed the 'distal' cluster. The [3Fe-4S}  cluster is 
positionedd between the two cubanes and is called the 'medial' cluster. 

Aerobic,, inactive [NiFe}-hydrogenases usually exhibit two different S = 1/2 Ni-EPR signals, 
whichh can be attributed to enzyme in the "ready" state or enzyme in the "unready" state. 
Enzymee in the ready state (Ni r* , the asterisk stands for S= 1/2 system) becomes active within 
minutess once hydrogen is supplied in an anaerobic environment. Enzyme in the unready (Niu* ) 
statee needs much longer time (hours) before it can be activated this way. Once active, the 
enzymee can exist in three different states: an oxidized EPR-silent state (called Nia-S), an EPR-
detectablee state (called Nia-C* , a S = 1/2 system) and a reduced EPR-silent state (called Nia-
SR)) {Albracht 2001). The Ni a-C*  state was proposed to have an active site with a bound 
hydridee {van der Zwaan 1985; Maroney 1993). Mössbauer {Surerus 1994) and ENDOR 
measurementss {Fan 1991; Huyett 1997) suggested that the Fe ion in the active site remains 
low-spinn ferrous (diamagnetic) in all possible states of the enzyme. 

Mostt {NiFe]-hydrogenases are inhibited by CO. The inhibition is competitive towards H2. EPR 
{van{van der Zwaan 1986; van der Zwaan 1990) and FTIR {Bag/ey 1994) studies revealed early on 
thatt external CO binds directly to nickel in the active site. The precise binding position has 
recentlyy been revealed by X-ray diffraction studies {Ogata 2002). The inhibitor binds to nickel 
onn the vacant position opposite to one of the bridging thiols. Some [NiFe]-hydrogenases can 
functionn in a CO environment. Among such hydrogenases are the soluble hydrogenase from 
RalstoniaRalstonia eutropha {Schneider 1986), the CO-induced hydrogenase from Rhodospirillum rubrum 
{Fox{Fox 1996) and the membrane-bound hydrogenase from Pyrococcus furiosus {Silva 2000; Adams 
2001).2001). For the Ralstonia enzyme it has been proposed that the CO insensitivity is probably 
causedd by two extra CN ligands which have been found in the active site {Happe 2000). The 
proposedd (CN~XRS")2Ni(n-RS")2Fe(CN")3(CO) centre (R = Cys) possesses a steric shielding such 
thatt only the small H2 molecule can approach the Ni-Fe centre, but not the larger CO 
molecule. . 

Thee Ech {E_. coli like hydrogenase) from M. barkeri has strong amino-acid sequence similarities 
withh the CO-tolerant hydrogenases from R. rubrum and P. furiosus, as well as with the 
hydrogenasess 3 and 4 from Escherichia coli. In addition the Ech is the only hydrogenase of this 
familyy that has been highly purified so ïa.i{Meuer 1999). I t was therefore of interest to study 
thee active site of Ech to determine whether this centre belongs to the standard hydrogenases or 
hass some unusual properties. Ech has been characterized already on the protein level {Metier 
1999)1999) and also the properties of its Fe-S clusters have been studied in detail in Chapter IV of 
thiss thesis. I t consists of six different subunits (EchA, B, C, D, E, F). The EchE subunit has 
amino-acidd sequence similarity with the large subunit of other {NiFe]-hydrogenases and is 
expectedd to carry the Ni-Fe centre. EchC has a sequence motif predicted to accommodate one 
[4Fe-4S]]  cluster equivalent to the proximal cluster in standard [NiFe]-hydrogenases. A third 
subunitt (EchF), which does not show sequence similarity with subunits of [NiFe]-
hydrogenases,, is highly similar to the TYK Y (Nuol) subunit of NAD H ubiquinone 
oxidoreductasess (Complex I) and carries two {4Fe-4S}  clusters {Meuer 1999; Kurkin 2002). The 
remainingg subunits, EchA, B, and D, show similarities to three other subunits of Complex I, 
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namelyy the ND5 (NuoL), N D1 (NuoL) and 30 kDa (NuoC) subunits, respectively (Meuer 
1999;1999; Albracht 2000). 

Thee present study shows that the Ni-Fe active site in purified Ech has EPR and FTIR 
propertiess highly similar to those in standard {NiFe]-hydrogenases. Optical spectra revealed 
thee possible presence of an EPR-silent redox group in addition to the Fe-S clusters and the Ni -
Fee site. The Ech as present in membrane preparation from M. barkeri shows infrared properties 
suggestingg a conformation of the Ni-Fe site environment different from that in the purified 
enzyme. . 

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

2.1.. Puri f icat io n of Ech f ro m M. barkeri and sample preparat ions 

Echh was purified as described previously {Meuer 1999); it was dissolved in 50 mM Mops buffer 
(pHH 7.0), 2 mM dithiothreitol and 2 mM dodecylmaltoside and was kept under an atmosphere 
off  4% (v/v) H2. For optical, EPR and FTIR measurements the concentration of dithiothreitol 
wass decreased to 2 pM. Septum bottles were used for samples storage. Samples for 
spectroscopicc measurements were handled anaerobically unless specified otherwise. 

2.2.. CO sensitivity of membrane preparations 

Thee effect of CO on the hydrogen-production activity of membrane preparations was carried 
outt in 8 mL septum bottles containing 50 mM Mops/NaOH (pH 7), 10 mM sodium dithionite 
(totall  volume 1 mL) and 20 to 100 (iL membrane fraction (70 mg protein per mL) under an 
atmospheree of N2. The reaction was started by addition of 20 uM ferredoxin, purified as 
describedd elsewhere (Meuer 1999). Different CO concentrations were created by adding CO to 
thee head space (7 mL) of the septum bottle. At time intervals of 1 min samples of 100 JJ.1 were 
withdrawnn from the gas phase and analyzed and quantified with gas chromatography 
(Shimadzuu GC-8A equipped with Flame-Ionisation Detector). 

2.3.. Prote in determinat ion 

Proteinn concentrations were determined using the Bradford method (Bradford 1976). By using 
quantitativee amino-acid analyses (Albracht 2003) it was found that this method slightly (0.74 
too 0.95 times) underestimated the real protein concentration. 

2.4.. EPR measurements 

EPRR measurements at X-band (9 GHz) were carried out with a Bruker ECS 106 EPR 
spectrometerr equipped with an Oxford Instruments ESR 900 cryostat with a ITC4 
temperaturee controller. The sample-temperature indication from this instrument was correct 
fromm 4.2 K - 100 K within + /- 2 % as ascertained from the Curie dependence of a copper 
standardd (10 mM CuS04.5H20, 2 M NaCl04, 10 mM HC1). The magnetic field was calibrated 
withh an AEG Magnetic Field Meter. The microwave frequency was measured a HP 5350B 
microwavee frequency counter and the microwave power incident to the cavity was measured 
withh a HP 432 B power meter (260 mW at 0 dB). Quantification of EPR signals was carried 
outt by direct double integration of the experimental spectra (Aasa 1975; Albracht 1984) or by 
comparisonn with a good fitting simulation (Albracht 1974; Beinert 1982). 
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2.5.. F T I R measurements 

FTIRR measurements were performed at room temperature with a Bio-Rad FTS 60A 
spectrometerr equipped with an MCT detector. Spectra were recorded at a resolution of 2 cm"1 

andd were averages of 1140 scans. Enzyme samples (80-100 (iM) were loaded into a gas-tight 
transmittancee cell with CaF2 windows. The cell path length was 56 urn, maintained with a 
Teflonn spacer. The cell was flushed with Ar before loading. A cell filled with the 
correspondingg buffer was used as a reference. The multi-point method of the Bio-Rad 
spectrometerr was used for further base-line corrections. 

Graduall  reduction of purified Ech in the IRcell was performed as follows. An enzyme solution 
(1000 | iM in 100 mM Tris-HCl, pH 7.0) under 4% (v/v) H2, supplemented with 1 raM 3, 10-
dimethyl-5-deazaflavinn and 75 mM EDTA, was evacuated and then flushed with a mixture of 
1%% H2 and 99% He. This procedure was repeated twice, thereafter an aliquot was filled into 
thee FTIR cell. Al l operations were performed in dim light. A spectrum was recorded (1140 
scans)) and then the sample was illuminated in the FTIR spectrometer for a certain amount of 
time.. After switching off the light, a new spectrum was recorded. This procedure was repeated 
thee desired number of times. Illumination was carried out with light from a 150 W Xenon arc, 
focusedd on the FTIR sample in the spectrometer via a quartz light guide. The optical path 
containedd a heat filter and the light intensity was attenuated to the desired level. 

FTIRR measurements of membrane preparations of M. barken were performed with dried 
membranes.. A drop of concentrated membrane suspension was placed on the CaF2 window 
andd dried in an atmosphere of 4% (v/v) H2 or in air. Thereafter another drop was placed on top 
off  the dry fil m and drying was continued. This procedure was repeated until a layer was 
obtainedd that gave reasonable infrared spectra. In case of membranes dried under 4% (v/v) 
hydrogenn the final sample was covered by a second CaF2 window and the space between the 
windowss was sealed to protect it from air during the transport from the glove box to the FTIR 
instrument. . 

2.6.. UV-V is ib l e spect roscopy 

UV-Vi ss measurements were performed on Varian Cary-50 spectrophotometer equipped with a 
Xenonn lamp. Al l spectra were recorded at room temperature (22 °C) in quartz cuvets at a scan 
speedd of 0.5 nm/s. 

2.7.. Metal de terminat ion 

Nickell  and iron were determined with an Hitachi 180-80 polarised Zeeman Atomic 
Absorptionn Spectrophotometer using a standard series. Adventitious metal ions were removed 
fromm the sample by passage through a Chelex-100 column (Bio-Rad). The Ni content of the 
usedd samples ranged from 0.9 to 0.98 atoms per enzyme molecule, using the protein content 
determinedd by the Bradford method and a molecular mass for Ech of 182,000 Da. When 
correctedd for the slight underestimation of the protein content by the Bradford method 
(Albracht(Albracht 2003), the Ni content was 0.7 to 0.9 atoms per enzyme molecule. 

3.. RESULTS 

3 . 1.. Sensi t iv i ty of Ech t o CO 

Thee hydrogen-production activity of the purified Ech was found to be inhibited by CO (Meuer 
1999);1999); a 50% inhibition was achieved at 7.5% (v/v) CO in gas phase (~65 |iM in solution). 
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Thee Ech is highly homologous to the CO-inducible, membrane-bound {NiFe]-hydrogenase 
fromm R. rubrum (Fox 1996). The activity of the latter enzyme in membrane preparations is 
ratherr resistant to CO (K; about 300 (iM) . To verify whether the purification procedure of Ech 
alterss its CO sensitivity, we have investigated the activity in membrane preparations of M. 
barkeri.barkeri. The results are presented in Fig. 1. It can be seen that 50% inhibition of the hydrogen-
productionn activity was achieved with ~ 1 50 \iM (18% (v/v) CO in the gas phase). This is more 
thann two times the value found for the pure enzyme. 

°° I i i i i i ' '  i i '  i 
00 100 200 300 400 500 600 700 800 

CO(nM) ) 

FigureFigure 1. Effect of carbon monoxide on the hydrogen-production activity of membranes form M. barkeri. For 
assayy conditions see the 'Materials and Methods' section. 

3.2.. EPR and UV-Vi s spectra of Ech 

3.2.1.. The Fe-S clusters 

Wee have previously shown that not all of the thtee [4Fe-4S] clusters could be completely 
teducedd by H2 (see Chapter IV of this thesis). This should also be reflected in the optical 
spectra.. The EchC subunit was predicted to contain a flavodoxin fold (Albracht 2000). For the 
solublee NAD+-reducing [NiFe]-hydrogenase from Ralstonia eutropha, which has a small 
hydrogenasee subunit (HoxY) highly similar to the EchC subunit, there are strong indications 
thatt the HoxY subunit harbours an acid-extractable FMN (Albracht 2000). This FMN is 
essentiall  for the electron transfer to and from the Ni-Fe active site (Van der Linden et a/., to be 
submitted).submitted). It was established, however, that Ech preparations do not contain acid-extractable 
FMNN (Albracht 2003). To investigate the possible presence of unknown, non-metal redox 
groupss in Ech, we have compared UV-Vi s and EPR spectra of the putified enzyme at a 
diffetentt hydrogen-partial pressures at pH 7. The results are shown in Fig. 2. Optimal 
reductionn of Ech was obtained under of 100% (v/v) hydrogen and the intensity of the EPR 
signalss arising from the Fe-S clusters then amounts to about 2.2 to 2.6 spins per enzyme 
moleculee (Kurkin 2002). Reduced Fe-S clusters do not show discrete peaks in the 400 to 500 
nmm spectral region. In the optical spectrum of H2-reduced Ech, however, still two absorption 
peakss around 402 nm and 428 nm can be detected (Fig. 2B). This is in line with the EPR 
resultss (Kurkin 2002), which show that one of the [4Fe-4S] clusters in the EchF subunit can 
onlyy be reduced by H2 to a minor extent. The analysis of the data ptesented in Fig. 2, taking 
intoo account the 6= 18000 M"1 cm"1 for the fully reduced enzyme (Roberts 1995). 
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FigureFigure 2. EPR and UV-Vis spectra ofEch under different hydrogen-partial pressures. A batch of Ech (16 uM 
inn MOPS buffer at pH 7) was incubated under a flow of water-saturated H2 (105 Pa) under continuous stirring. 
Thee optical spectrum was recorded and then samples for EPR (300 U.L) and FTIR (20 |iL) measurements were 
taken.. Thereaftet, the hydrogen-partial pressure was decreased, an optical spectrum was recorded and after 20-
300 min of equilibration a new set of samples was withdrawn for inspection. UV-Vi s spectra were taken from the 
enzymee under seven different hydrogen-partial pressures. As the required amount of sample for the EPR 
inspectionn was considerable, EPR samples were taken only at the indicated hydrogen-partial pressures. (A): EPR 
spectraa of Ech in equilibrium (pH 7.0) with diffetent hydrogen-partial pressures. The percentage of hydrogen in 
aa gas mixture with helium at 100 kPa is given. The most oxidized state was obtained by the complete 
replacementt of H2 by Ar. EPR conditions: microwave frequency, 9.46 GHz; microwave power, 30 dB; 
modulationn amplitude, 1.27 mT; temperature, 12 K. Spectra were normalized for gain and tube-calibration 
factor,, and were converted to the same microwave frequency to align them on a g-scale. (B): UV-Vi s spectra at 
roomm temperature of Ech under (from bottom to top spectrum): 100% H2, 30% H2, 15% H2, 10% H2, 5% H2, 
1%% (v/v) H2 and Ar. The absorbance increase in the 400-450 nm region reports on oxidation. Inset: UV-Vi s 
spectraa of 2x[4Fe-4S] ferredoxin from A. vinosum at three different redox potentials (Kyritsis 1998) 

Whenn the partial-hydrogen pressure was decreased, the EPR spectrum changed only slightly 
(Fig.. 2A). The relative amplitudes of the central line at g = 1.93 (due to the g = 1.92 signal 
fromm one of the f_4Fe-4S] clusters in the EchF subunit (Kurkin 2002)) under 10%, 5% and 1% 
(v/v)) H2 were 1.0, 0.89 and 0.84, respectively. The relative amplitudes of the trough at g — 
1.899 (due to the g = 1.89 signal from the {4Fe-4S}  cluster in the EchC subunit, a cluster which 
iss in close proximity to the Ni-Fe site (Kurkin 2002)) were 1.0, 0.95 and 0.94, respectively. 
However,, there was a clear change in optical spectra under these conditions (Fig. 2B). When 
comparedd with the spectrum of the H2-reduced enzyme, two overlapping peaks at 402 nm and 
4433 nm could be detected (Fig. 3). A significant change of the EPR spectrum also occurred 
uponn replacement of the 1% (v/v) hydrogen atmosphere by Ar. In this case the Fe-S signals 
largelyy disappeared (Fig. 2A). This was reflected in the optical spectrum by a large increase in 
absorptionn in the 350 to 500 nm region. The analysis of the UV-Vi s data gives an estimate of 
50%% of Fe-S clusters oxidation when going from 100% to 0% hydrogen in titration cuvet. This 
estimationn is based on the Ae= 33000 M"1 cm"1 (oxidised -reduced enzyme). 
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FigureFigure 3. W-Vis difference spectra in 350 to 650 nm region under the conditions in Fig. 2. The spectrum of 
thee H2-reduced enzyme was taken as the reference spectrum. 

3.2.2.. The Ni-Fe centre 

Standardd {NiFe}-hydrogenases (e.g. from Desulfovibrio gigas or Allachromatium vinosum) exhibit 
threee different EPR signals due to Ni . Two of them are observed in aerobic, inactive enzyme 
preparationss and are called the Ni r*  signal (displayed by the oxidized ready state) and the Ni u* 
signall  (displayed by the oxidized unready state). The active enzyme shows a third signal, called 
thee Nia-C*  signal. Active enzyme in the oxidized state (the Nia-S state) or the reduced state 
(thee Nia -SR state) is EPR silent. With traces of H2 the Nia-S state converts to the Nia-C*  state 
inn a quasi non-equilibrium reaction. With more H2 the Nia-C*  state converts to the Nia-SR 
statee in an equilibrium reaction (for overview see {Albracht 1994)

I tt is now generally assumed that the Nia-C*  signal is due to Ni 3+ with a hydride (hydrogen) 
speciess attached to the active site (Sorgenfrei 1997; Albracht 2001). At low temperatures (< 80 
K)) this state is light sensitive and the Nia-C*  signal converts to the Nia-L*  signals upon 
illuminationn with white light (van der Zwaan 1985). This reaction is fully reversed in the dark 
att 200 K. The Ech as purified anaerobically under 4 % (v/v) hydrogen did not show any EPR 
signalss that could be ascribed to nickel (not shown). Only signals of reduced {4Fe-4S] clusters 
weree observed, as described in Chapter IV of this thesis. Also membranes, prepared under 4% 
(v/v)) H2, did not show any EPR signals due to Ni . 
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FigureFigure 4. EPR spectra ofEch attributable to nickel. (A) Spectrum of the Nia-C*  state (g  ̂ = 2.20, 2.13, 2.01). 
Thee state was obtained by the complete exchange of H2 by AT from H2-reduced enzyme by repeated evacuation 
andd flushing. (B) Spectrum of the Ni,-L*  state (gxyI = 2.05, 2.10, 2.27) obtained by illumination of the Ni,-C* 
statee at 45 K with white light for 5 min. (C) Spectrum of the Niu*  (g„„  = 2.28, 2.24, 2.01) and Ni r*  (g = 
2.32,, 2.18, 2.01) states. Oxidized enzyme was obtained by exposing the enzyme treated as under A to air for 15 
minn at room temperature. EPR conditions: microwave frequency, 946 GHz; microwave power, 30 dB; 
modulationn amplitude, 1.27 mT; temperature, 45 K. Spectra were normalized for the gain and were converted 
too the same microwave frequency to align them on a g scale. 

FigureFigure 5. EPR spectrum of air-oxidized membranes from M. barkeri. (A) Spectrum of membranes frozen under 
100%% (v/v) H2, with subsequent thawing and oxidation by equilibration of the membranes with air. EPR 
conditions:: microwave frequency, 9417.0 MHz; microwave power, 30 dB; modulation amplitude, 1.27 mT; 
temperature,, 45 K. (B) Simulation of the Ni„ *  signal with pa ramete r ŝ = 2.2836, 2.2391, 2.0018 and Wx 

== 1.57, 1.27, 1.30 mT. (C) Simulation of the signal of oxidized hetero disulfide reductase with parameters £ 
== 2.0137, 1.9933, 1.9433 and Wxy2 = 2.10, 2.00, 2.36 mT. (D) Difference spectrum of A minus (B+C). 
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Inn the experiment of Fig. 2 EPR signals due to nickel were only observed when H2 was 
removedd from the enzyme and replaced by Ar. In fact, a mixture of signals due to the Nia-C* 
statee and the Nia-L*  state could be recognized. This was further investigated at a higher 
samplee temperature (45 K), where the EPR signals due to the Fe-S clusters broadened beyond 
detection.. To remove the Nia-L*  signal, the sample was first brought to 200 K while keeping 
itt in the dark. A clear Nia-C*  signal (gx>ytZ = 2.20, 2.13, 2.01) signal was then detectable (Fig. 
4,, trace A). Double integration of the signal showed that it represented about one third (36%) 
off  the enzyme molecules. Illumination with white light at 45 K for 5 min converted the EPR 
spectrumm completely into a signal (gXi>i2 = 2.05, 2.10, 2.27) typical for the Nia-L*  state (Fig. 
4,, trace B). With many [NiFe]-hydrogenases a mixture of two different Nia-L*  EPR signals is 
producedd upon illumination of the Ni a-C*  state; with Ech we have observed only the signal 
displayedd in Fig. 4, trace B. 

Whenn the sample was thawed and exposed to air for 15 min an EPR spectrum was obtained 
(Fig.. 4, trace C) representing a mixture of signals from the Niu*  state and the Nir*  states (with 
ggXifiZXifiZ = 2.28, 2.24, 2.01 a n d >̂ 2 = 2.32, 2.18, 2.01, respectively). The Ni u*  signal was the 
dominantt one. Quantification of both Ni signals amounted to a spin concentration equal to 
70%% of the Ni concentration determined with Atomic absorption spectroscopy. 

Whenn H2-reduced membranes were equilibrated with air an EPR spectrum shown in Fig. 5, 
tracee A was obtained. A clear signal due to the Ni u*  state was observed (simulated in trace B). 
Thee remaining signal is due to heterodisulphide reductase (Hdr). A signal like this was earlier 
observedd in purified oxidized preparations of Hdr from Af. barkeri and Methanothermobacter 
marburgensismarburgensis in the presence H-S-CoM (Madadi-Kahkesh 2001; Duin 2002) and is ascribed to a 
speciall  {4Fe-4S}3+ cluster. The signal could be easily simulated (trace C). The difference of 
tracee A minus the combined traces B plus C is shown in trace D. It demonstrates that Ech and 
Hdrr were the main contributors to the EPR spectrum. Quantification of the (simulated) signals 
amountedd to spin concentrations of 11.6 fiM and 16.3 /xM for the Ni^*  and Hdr signals, 
respectively.. This makes that the Ech concentration in the EPR tube was 2.1 g.L"1. The protein 
concentrationn of the thick membrane suspension was estimated to be around 80 g.L"1 and 
hencee about 2.7% of the membranes proteins was Ech. 

3.3.. FT I R spectra of puri f ie d Ech 

Standardd (NiFe)-hydrogenases show three infrared bands in the 2150 to 1850 cm"1 spectral 
region:: one band is due to the stretch vibration of the Fe-bound CO and two bands are caused 
byy the two vibrationally-coupled Fe-bound CN" groups (van der Spek 1996; Happe 1997). The 
Echh showed similar infrared bands. An overview of spectra obtained under different conditions 
iss given in Fig. 6; the infrared frequencies are summarised in Table 1. 

Reductionn of the enzyme under 100% (v/v) hydrogen let to a nearly homogeneous state (Fig. 
6,, trace A) with one CO band (1908 cm"1) and two bands ascribed to two vibrationally-coupled 
CN""  groups (a symmetric vibration at 2080 cm"'and an antisymmetric vibration at 2068 cm"1). 
Hence,, this spectrum points to the presence of one CO and two CN" ligands on the Fe site. A 
smalll  band at 1922 cm'1 was detectable as well. 

Whenn the H2 gas was replaced by a mixture of 1% H2 and 99% He a more complicated 
spectrumm appeared (Fig. 6, trace B). The bands at 2080, 2068 and 1908 cm"1 all declined in 
intensity.. The band at 1922 cm"1 was more prominent now and peaked at 1923 cm"1. A new 
CNN band appeared at 2090 cm"1. In trace C a difference spectrum of B minus A is shown such 
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thatt the band at 1908 cm"1 was minimized. This spectrum suggests that the bands at 2090, 
20800 and 1923 cm"1 belong to one state. 

TableTable 1. Infrared bands in the 2150-1850 cm' spectral region ofEcbfrom M. barkeri in the purified or 
membrane-boundmembrane-bound state. 

Treatment t 

Puree enzyme 

100%% (v/v) H2 

1966 (v/v) H2 

Ar r 
Airr oxidised 

t<CN) ) 
cm"1 1 

2080,, 2068 

2090,, 2080, 2068 

2088,, 2077 
2100,2092 2 

f(CO)) extrinsic 
cm' ' 

--

--
--
--

KCO) ) 
intrinsic c 
cm"1 1 

1908 8 

1923,, 1909 

1901 1 
1921 1 

12CO O 
l JCO O 
Membranes s 
4%% (v/v) H2 

air r 

2088,2077 7 
2088,, 2077 

2102,2089,2076,2061 1 
2100,2090 0 

2048 8 
2002 2 

1901 1 
1901 1 

1951,, 1922 
1951,1922 2 

Uponn replacement of the 1% (v/v) H2 gas with Ar a rather weak spectrum w as obtained with 
twoo apparent CN" vibrations at 2088 and 2077 c m1 and a t<CO) band at 1901 cm1 (Fig. 6, 
tracee D). 

Iff  the enzyme was subsequently exposed to air for 15 min the spectrum in Fig. 6, trace E was 
obtained.. I t contained bands at 2100 cm ', possibly a band at 2092 cm'1 and a sharp t^CO) 
bandd at 1921 cm1. Longer exposure to air led to a complete disappearance of CO and CN 
vibrationss (not shown). At that point it was not possible to regain the infrared bands by means 
off  dithionite plus methyl viologen or by prolonged incubation under hydrogen. It has been 
shownn earlier (Meuer 1999) that exposure of Ech to air for 30 min resulted in a 90% decrease of 
itss activity; the activity loss was irreversible. 

Treatmentt of H2-reduced Ech with 12CO or 13CO led to the spectra shown in Fig. 7. A 
virtuallyy homogeneous state was obtained where the intrinsic CN and CO groups gave rise to 
bandss at 2088, 2077 and 1901 cm1. The spectra showed that the externally added CO did 
bindd to the Ni-Fe site showing a clear KCO) band at 2048 cm1 (12CO) or 2002 cm1 (13CO). 
Thee observed difference of 46 cm'1 is as expected theoretically (46 cm'1). 

Anotherr way to gain insight into the different redox states of the active site is to monitor the 
infraredd spectrum of the Ech while gradually reducing it with deazaflavin upon illumination, as 
wass previously demonstrated with the hydrogenases from A. vinosum and Desulfovibrio vulgaris 
{Pierik{Pierik 1998). To a solution of Ech under 4% (v/v) H2 deazaflavin and EDTA were added. The 
solutionn was subsequently equilibrated with 1% H2 plus 99% He. The enzyme solution was 
thenn subjected to illumination with white light, inducing a gradual reduction of the Ech (Fig. 
8).. The initial state of the enzyme displayed two v(CO) bands at 1921 and 1901 c m1 (Fig. 8, 
lowestt trace). Several small bands were noticed in the CN region, but they were too weak for a 
properr analysis. 
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FigureFigure 6. Infrared spectra of purified Ech recorded at room temperature (22 °C) under different conditions. 
(A)) A sample of Ech incubated under 100% (v/v) H2 for 1 h at room temperature. (B) Ech treated as under A 
wass evacuated and flushed with 1% (v/v) H2 several times. After 1 h under 1% (v/v) H2 a spectrum was 
recorded.. (C) Difference spectrum B minus A such that the peak at 1908 cm"1 was minimal. (D) Ech treated as 
underr A was several times evacuated and flushed with Ar. After 1 h a spectrum was recorded. (E) Ech treated as 
underr D was exposed to air for 15 min and then a spectrum was recorded. All spectra are averages of 1140 scans 
att a resolution of 2 cm"1. 
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FigureFigure 7. Effect of exposure ofH2-reduced Ech to carbon monoxide on its infrared spectrum. (A) H2 in the gas 
phasee was exchanged by carbon monoxide enriched (99 %) in 13C. (B) As A, but now non-enriched CO was 
used.. Spectra were averages of 1140 scans at a resolution of 2 cm "' 
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FigureFigure 8. Gradual reduction ofEch, pre-equilibrated under 1 % (v/v) hydrogen by illumination in the 
presencepresence of deazaflavin and EDTA (see Materials and Methods). Total illumination times for the successive 
spectraa are 0, 0.5, 1.5, 3, 4, 6, 8, 10, 13, 16, 20, 24, 30, 36 and 42 min. Reduction increases from bottom to 
top. . 

Uponn gradual reduction the 1921 cm"1 band decreased in amplitude and became broader. Its 
peakk position shifted to 1922 cm"1, just as if a separate peak at slightly higher frequency 
appeared.. At the same time a new band at 1909 cm"1 appeared. The band at 1901 cm"1 

graduallyy declined in amplitude. In the CN region three clear peaks developed at 2091, 2080 
andd 2068 cm"1 and the final spectrum was very similar to the one obtained under 1% (v/v) H2 

inn Fig. 6 trace B. 

3.4.. FTIR spectra of membrane preparations 

Too verify whether purification of the enzyme affected the structure or composition of the Ni-Fe 
site,, infrared spectra of M. barkeri membranes were recorded. A highly concentrated suspension 
off  such membranes did not give sufficient signal intensity and so it was tried to eliminate the 
backgroundd absorption of water by making a dry film of membranes. Two conditions were 
applied.. First, droplets of a thick membrane suspension on a CaF2 window were dried in an 
atmospheree of 4% (v/v) hydrogen in a glove box. The infrared spectrum is shown in Fig. 9, 
tracee B. Four bands were observed in the CN region at 2102, 2089, 2076 and 2061 cm"1. In 
thee CO region there were two strong bands at 1951 and 1922 cm"1. When membranes were 
driedd in a stream of air again two CO bands at 1951 and 1922 cm"1 were obtained, be it in a 
differentt ratio (Fig. 9, trace A). The CN region was less clear in this case, but bands at 2100 
andd 2090 cm"1 were apparent. 
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FigureFigure 9. Infrared spectra of dried membranes from M. barkeri. (A) Spectrum of membrane paste dried in air. 
(B)) Spectrum of membrane paste dried under 4% (v/v) hydrogen. Spectra were recorded at room temperature 
andd are average of 1140 scans at a resolution of 2 cm" . 

4.. DISCUSSION 

4 .1.. Sensitivity of Ech to carbon monox ide 

Fromm the similarities of the amino-acid sequences of the Ech and the CO-tolerant [NiFe}-
hydrogenasess from R. rubrum and P. furiosus it was hypothesized that the Ech might be CO 
tolerantt as well. The K ; value for CO of the purified enzyme was 65 /iM {Metier 1999). The 
membranee preparations were more resistant to this inhibitor (K ; about 150 /iM ; Fig. 1). This 
meanss that the Ech is indeed quite insensitive toward CO inhibition; standard [NiFe]-
hydrogenasess are much more sensitive (K( values between 2 and 25 /iM) . The infrared spectra 
off  CO-treated Ech (Fig. 9) demonstrate that CO binds to the active site in the same way as 
shownn in the enzymes from A, vinosum (Bagley 1994). This means that the purified Ech 
presumablyy has a standard (RS")2Ni-(/i-RS")2-Fe(CN")2(CO) active site (R = Cys). The crystal 
structuree of the CO-treated [NiFeJ-hydrogenase from D. vulgaris Miyazaki {Ogata 2002) 
showedd that the external CO binds to Ni opposite to the C-terminal bridging Cys-thiol. 

4 .2.. Compar ison of EPR and UV-Vi s spectra of Ech under  different H2-partia l 

pressu res s 

Thee degree of reduction of the Ech under different hydrogen-partial pressures led to clear 
changess in the EPR signals from the Fe-S clusters (Fig. 2A) and in the UV-Vi s spectra (Fig. 2B 
andd Fig. 3). On changing the gas phase from 100% (v/v) H2 to Ar, a loss of 33 /iM in the spin 
concentrationn of the Fe-S clusters was obtained. At the same time the optical changes in the 
3500 to 500 nm spectral region showed an increase in absorbance, consistent with the 
appearancee of oxidized Fe-S clusters. When taking the molar extinction coefficient of [4Fe-4S] 
clusterss at 410 nm as 18000 M'^cm"1 {Lindahl2002), the optical changes suggest a Fe-S 
concentrationn of about 27 /iM . This is in good agreement with the changes in concentration 
observedd in the EPR spectra. Under 100% (v/v) H2 the UV-Vi s absorption spectrum (Fig. 2B) 
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clearlyy showed that part of the Fe-S clusters were still oxidized (compare with the spectra in the 
insett for the oxidized and reduced 2[4Fe-4S}  Fd from A. vinosum {Kyritsis 1998)). Again, this is 
inn line with the maximal spin concentration deduced from the EPR signals in the Fe-S region, 
whichh was 2.2 to 2.6 spins per Ech molecule (this work and (Kurkin 2002)). The optical 
spectrumm of the Ech under Ar, with a H2-reduced spectrum as background, shown in Fig. 3 is 
veryy similar to the one reported by Rasmussen et al. (Rasmussen 2001); our data show that the 
majorityy of the optical changes are correlated to the redox changes of the Fe-S clusters. Our 
previouss study (see Chapter IV) showed the presence of all three different {4Fe-4S] clusters in 
EPRR spectra. Hence this does not agree with the suggestion of Rasmussen et al., (Rasmussen 
2001)2001) that the Ech might contain reducible, EPR-silent Fe-S clusters. 

Thee gradual changes in the EPR and optical spectra did not quite coincide. Thus, on 
decreasingg the hydrogen partial pressure from 10% (v/v) to 1% (v/v), the EPR changes were 
betweenn l%(g= 1.89 signal) and 15% (g = 1.92 signal), whereas the optical change was 
48%.. As the active site remains EPR silent under these conditions, it is unlikely that this site 
contributess to the optical changes. Presently we cannot explain these results. It cannot be 
excludedd that the EchC subunit might contain an unknown chromophore. The amino-acid 
sequencee of EchC has strong similarities to the HoxY subunit of the soluble {NiFe} -
hydrogenasee from R. eutropha and the PSST subunit of Complex I. All three sequences 
probablyy have the flavodoxin fold observed in the crystal structure of [NiFe]-hydrogenases 
(Volbeda(Volbeda 1996; Albracht 2000). Indeed the soluble hydrogenase from A. eutrophus and the 
bovinee Complex I contain two acid-labile FMN groups, one of which is proposed to bind to the 
HoxYY or PSST subunit, respectively (Albracht 2003). The purified Ech does not contain any 
acid-labilee FMN, however (Albracht 2003). Further studies are required to investigate the 
originn of the optical absorbance, not attributable to the metal centres in the enzyme, as 
detectedd in Figs. 2 and 3. 

4.3-- The active site 

4.3.1.. EPR spectra 

Thee purified Ech showed EPR spectra attributable to nickel (Fig. 4) which were quite similar to 
thee EPR spectra from standard [NiFe]-hydrogenases (Albracht 2001). When oxidized by air 
70%% of the nickel content could be accounted for by the strong EPR signal from the NiJ* 
state.. Also in membranes such a signal could be observed upon oxidation in air (Fig. 5). Its spin 
concentrationn agreed very well with the estimated enzyme content of the membranes. Both 
measurementss indicate that the active Ni-Fe site behaves like the active site in standard 
CNiFe]-hydrogenases.. A peculiar observation with membranes and the purified enzyme was 
thatt we were unable to produce the Nia-C*  state under conditions (1% (v/v) H2) where 
standardd hydrogenases show a maximal signal. 

4.3.2.. FTI R spectra of the purifie d enzyme 

Underr 100% (v/v) H2 the purified enzyme showed infrared bands at 2080, 2068 and 1908 cm" 
11 in the 2150-1850 cm"1 spectral region (Fig. 6). These bands are consistent with a 
Fe(CN)2(CO)) moiety in the active site. As no nickel EPR signals are detected under these 
conditions,, this set of infrared bands is ascribed to the Nia-SR state. Under 1% (v/v) H2 a new 
sett of bands at 2090, 2080 and 1923 cm"1 was observed, while the original set decreased in 
intensityy (Fig. 6, traces B and C). Although the EPR spectra still showed no signals due to 
nickell  under these conditions, we assume that the set of bands (trace C) is due to the Nia-C* 
state.. This is also suggested by the shift of the v(CO) upon change of hydrogen concentration 
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fromm 100% to 1%. Similar shift is observed in many other [NiFe]-hydrogenases, including 
MB HH from A.vinosum and D.gigas. 
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FigureFigure 10. Infrared spectra of purified Ech treated as in Fig. 6, trace D. (A) Non-baselined spectrum of the 
samplee of Fig. 6, trace D. (B) Fourth derivative of trace A as calculated by the Savitsky-Golay method of the 
GRAMS/322 (Galactic) softwate (polynomial: 4; points: 15). (C) A different preparation of Ech treated in the 
samee way. (D) Fourth detivative of C. 

Uponn complete replacement of H2 by Ar all former bands disappeared and were replaced by 
threee bands at 2088, 2077 and 1901 cm"1 (Fig. 6, trace D). Whenever the treatment in trace 
DD was applied to Ech, the infrared bands were considerably weaker than expected. The EPR 
spectrumm of an enzyme treated in this way showed a signal of the Nia-C*  state (Fig. 4, trace 
A),, representing about one third of the enzyme concentration. We must notice that the 
infraredd spectrum is highly similar to the one obtained after treatment of the enzyme with 
externall  carbon monoxide (Fig. 9). In the experiment of Fig. 6, however, no CO was used. 
Recognitionn of weak bands in these infrared spectra is not that straight forward. Inspection of 
derivativee spectra is sometimes quite helpful. In Fig. 10 spectra of two different preparations of 
Echh are shown that were treated with H2 and Ar as in Fig. 6 trace D. Trace A in Fig. 10 is the 
originall  spectrum in the 2120-1850 cm"1 region used for Fig. 6 trace D. In this case, however, 
thee spectrum was only corrected for the contributions of water vapour in the instrument. I t is 
obviouss that the KCN) and KCO) bands of Ech are very weak here. Trace B in Fig. 10 is the 
fourthh derivative of trace A as calculated by the Savitsky-Golay method of the GRAMS/32 
v.6.00 (Galactic) software. The bands at 2088, 2078 and 1901 are clearly detectable and 
confirm,, in a objective way, the subjective method of base lining used in trace D of Fig. 6. 
Additionally,, the fourth derivative also uncovered a band at 2048 cm"1. This band is typical for 
thee binding of externally-added CO as shown in Fig. 9. Traces C and D in Fig. 10 show spectra 
off  another Ech preparation treated in the same way. Signals from water vapour in the 
instrumentt are more disturbing here. We tentatively conclude that during treatment of the 
enzymee with H2 and subsequently with Ar, part of the enzyme molecules denatured whereby 
COO was released. This CO was captured by other, still intact, enzyme molecules to form the 
Ni a-S.COO state. This would explain the infrared spectrum as well as the low intensity of the 
bands. . 
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Noo infrared bands due to intrinsic KCN) or f(CO) stretching frequencies could be obtained if 
enzymee was incubated with H2 for 1 h thereafter the H2 was directly replaced by air via 
evacuationn and flushing (not shown). If H2 was first replaced by Ar and then after 1 h by air, 
thee spectrum in Fig. 6 trace E was obtained with bands at 2100, 2092 and 1921 cm"1. Again, 
thee intensity of the bands was much less than expected. We tentatively ascribe this set of bands 
too the N i u*  state as the EPR spectrum shows the signal (Fig. 4, trace C) typical for this state. 
W ee note, however, that direct oxidation by air of the H2-reduced enzyme leads to the complete 
losss of infrared signals. This is in contrast to our experience with the purified membrane-bound 
[NiFe}-hydrogenasee for A. vinosum (Bleijlevens 2001). The difference between the two enzymes 
iss that the A. vinosum enzyme possesses a {3Fe-4S}  cluster, while the Ech does not. As already 
proposedd in 1994 (Albracht 1994), the 3Fe cluster in the A. vinosum enzyme might function as a 
safeguardd to protect the active site against oxygen radicals. The 3Fe cluster has a redox 
potentiall  considerably higher than that of the active Ni-Fe site. When molecular oxygen reacts 
withh the Ni-Fe site, it can only obtain one-electron and so a superoxide anion (02") might be 
producedd causing damage to the active site. The 3Fe cluster, still reduced because of its higher 
redoxx potential, can then deliver a second electron to neutralize the dangerous superoxide by 
thee formation of the much relatively harmless peroxide (02

2") . The Ech in the strictly anaerobic 
M.M. barkeri has no such rescue system and this is how we explain the damaging effect of oxygen 
onn reduced enzyme. An additional argument for this hypothesis was obtained by Rousset et al. 
(Rousset(Rousset 1998) They described an oxygen sensitivity which resulted in loss of catalytic activity 
forr the [NiFe]-hydrogenase from D. desulfuricans when the 3Fe cluster was mutated to a 4Fe 
cluster. . 

Fig.. 9 shows that the H2-reduced enzyme easily binds external CO. As expected, the 2048 cm"1 

bandd shifted to 2002 cm"1 when 13CO was used. The enzyme was EPR silent after replacement 
off  H2 by CO (not shown). We therefore assign the 2088, 2077, 2048 and 1901 c m' bands to 
thee stretching vibrations of the two intrinsic CN groups, the extrinsic CO and the intrinsic CO, 
respectively.. This infrared spectrum points to a Ni-Fe site in the purified Ech highly similar to 
thee one in standard [NiFe]-hydrogenases. Ogata et. al. (Ogata 2002) solved the X-ray structure 
off  the D. vulgaris Miyazaki [NiFe}-hydrogenase with externally added CO. They showed it to 
bindd to the Ni atom at a position opposite to the bridging thiol from one of the C-terminal Cys 
ligands.. Although no infrared spectra were shown, it was assumed that the extrinsic CO had a 
KCO)) very similar to the 2060 cm"1 band from the extrinsic CO found for the A. vinosum 
enzymee (Bagley 1994). 

Graduall  reduction of the Ech by photoreduction, using deazaflavin, produced the infrared 
spectraa in Fig. 8. At the start of the experiment (bottom spectrum) the enzyme was put under 
1%% (v/v) H2. Two i<CO) bands were apparent. The origin of the sharp band at 1920.5 cm"1 is 
puzzling.. The infrared bands cannot be ascribed to the Ni u*  state. The infrared spectrum also 
differss from the spectrum obtained after activation of the enzyme under 100% (v/v) H2 and 
subsequentt equilibration with 1% (v/v) H2 as shown in Fig. 6 trace B. This, and the lack of an 
EPRR signal due to nickel, may indicate that the enzyme was a mixture of Niu-S and possibly 
minorr amount of Nia-C*  states. The KCO) band of the Ni a-C*  state lies rather close to the 
KCO)) band of the Niu-S state (Albracht 2001). In the Ech this would be the band around 1921 
cm'1.. The rather broad band at 1901 cm"1 is reminiscent to the spectra of the NL.-S.CO state 
shownn in Fig. 9. The origin of this band will be discussed later on. 
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FigureFigure 11. Schematic visualisation of the infrared spectra ofEch. IR bands of CO and CN" are in black; for 
comparison,, IR bands in the spectra of the A. vinosum enzyme (in grey) under the same conditions are shown. 

Uponn photoreduction the 1920.5 cm"1 band disappeared and two bands at 1922 and 1909 cm" 
11 appeared. As explained in the discussion on Fig. 6, these bands are ascribed to the Nia-C*  and 
Nia-SRR states, respectively. Upon close inspection of Fig. 8 it can be seen that in line with this 
assignment,, the 1909 cm"1 band comes up a littl e later than the band at 1922 c m '. Also the 
appearancee of the v(CN) bands at 2091, 2080 and 2068 cm"1 are in agreement with this 
interpretation. . 

Thee band at 1901 cm"1 started disappearing considerably later in time than the appearance of 
thee 1922 and 1909 cm"1 bands. This would be in favour of the assignment for the 1901 cm1 

bandd to a Nia-S.CO state. It is only when some H2 is produced during the photoreduction, that 
extrinsicc CO would be removed from the active site by competition with H2. We note, 
however,, that in fourth derivatives of the original, non-baselines spectra we could not detect 
anyy sign of a 2048 cm"1 band. An alternative explanation would be that the band is due to the 
Nia-SS state, but also in this case there are counter arguments. First, in the A. vinosum enzyme 
thee f (CO) band of the intrinsic CO shifts from 1928 to 1932 cm"1 if the extrinsic CO was 
removedd by illumination at low temperatures (Bagky 1994). With the D. gigas enzyme, the 
intrinsicc CO absorps at 1934 cm"1 in the Nia-S state, while it shifts to 1931 cm"1 upon binding 
off  extrinsic CO (De Lacey 2002). Hence, we would expect the f (CO) band of the intrinsic CO at 
19011 cm"1 of the Nia-S.CO state (Fig. 7) to shift to 1904 to 1905 cm"1 when the extrinsic CO is 
removed.. Second, the (active) Nia-S state would be expected to convert to the Nia-SR state 
moree readily than the (inactive) Ni u*  state. A third possibility is that the lACO) band at 1901 
cm"cm"11 is caused by a (inactive) Ni-Fe site with a non-protein S bridge. Experiments with the A. 
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vinosumvinosum enzyme indicate that treatment of the H2-reduced enzyme with Na2S and subsequent 
oxidationn leads to an inactive, EPR-silent state with a £<CO) at 1909 cm"1 (B.W. Faberand 
S.P.J.S.P.J. Albracht, unpublished observations). Activation of this state took much longer than 
activationn of the unready state. 

4.3-3.. FTI R spectra of membrane preparations 

Whenn highly concentrated suspensions of membrane preparations of M. barkeri were inspected 
withh infrared spectroscopy, no bands in the 2150-1850 cm"1 region could be detected. Hence 
wee have tried to increase the sensitivity by removal of the bulk water. The spectra of 
membraness dried in air or in the anaerobic box (under 4% (v/v) H2) both showed prominent 
KCO)) bands at 1951 and 1922 cm"1. The 1922 cm"1 band might be caused by the Niu-S/Niu* 
statess (compare with traces B and C in Fig. 6). The 1951 cm"1 band, however, has never been 
observedd with the purified enzyme. One possibility would be that this band is caused by one of 
thee other membrane-bound [NiFe]-hydrogenases encoded by M. barkeri {Deppenmeier 1995). As 
reportedd earlier (Kurkin 2002) the Vho enzyme (subunits VhoGAC), but not the Vht enzyme 
(subunitss VhtGAC), is present in high amounts in acetate-grown cells. Upon lysis of the cells, 
however,, the Vho enzyme is detached from the cytochrome b that anchors this enzyme to the 
membrane.. Activit y measurements showed that the amount of Vho and Vht hydrogenases in 
washedd membranes is very low compared to the Ech (Vho and Vht only reduce dyes, but not 
ferredoxin).. This argues against the assignment of the 1951 cm"1 band to one of the other two 
membrane-boundd hydrogenases. 

Ann alternative explanation is that the active site of the Ech when still embedded in membranes 
differss from that in the purifïed enzyme. We note that the membranes that were prepared and 
driedd under 4% (v/v) H2 did not show a t<CO) band at 1908 cm'1 as observed with the purified 
enzymee under Wo (v/v) H2 (Fig. 6, trace B). We further note that the Ech in membranes 
exposedd to air for a long time during the drying process (up to 24 h), survived this treatment 
andd still showed bands at 1951 and 1922 cm"1. Apparently oxygen had only a minor effect on 
thee electron density of the Fe-subsite in the membrane-embedded enzyme. The purified 
enzymee in the reduced state, however, was extremely sensitive towards oxygen and quickly 
denaturedd irreversibly. A membrane suspension equilibrated with air at room temperature 
showedd a clear EPR signal characteristic for the Niu*  state (Fig. 5), while the original 
suspensionn prepared under 4% (v/v) H2 did not show such a signal. This would suggest that 
thee redox state of the Ni ion has littl e effect on the electron density at the Fe ion, while the 
intrinsicc CO showed a stretching frequency at 1922 cm"1 under both conditions. 

Thiss initial study of the spectroscopic properties of the active site of Ech indicates that the 
purificationn of the enzyme might alter the environment of the active site, resulting in changes 
off  spectroscopic properties as well as the sensitivity of the Ech towards CO and oxygen. 
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