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Changes in the electronic structure around Ni in oxidized 
and reduced selenium-containing hydrogenases from Methanococcus voltae 
Oliver SORGENFREI', Evert C. DUIN', Albrecht KLEIN' and Simon P. J. ALBRACHT' 
' Molecular Genetics, Department of Biology, University of Marburg, Marburg, Germany 
' E. C. Slater Institute for Biochemical Research, University of' Amsterdam, Amsterdam, The Netherlands 
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The selenium-containing F420-reducing hydrogenase from Methanococcus voltae was anaerobically 
purified to a specific hydrogen-uptake activity of 350 U/mg protein as determined with the natural 
electron acceptor. The concentrated enzyme was used for EPR-spectroscopic investigations. As isolated, 
the enzyme showed an EPR spectrum with gnyL values of 2.21, 2.15 and 2.01. Illumination of such 
samples at low temperatures led to an EPR spectrum with gxyz values of 2.05, 2.11 and 2.29. These 
spectra are typical for [NiFeIhydrogenases in the active state. Spectra of samples enriched in 77Se showed 
a hyperfine interaction between the unpaired spin of the nickel ion and the nuclear spin of one "Se atom 
before and after illumination. A 90" flip of the electronic z-axis is proposed to explain the hyperfine 
interaction in both states. This has been demonstrated previously only for the F420-non-reducing hydro- 
genase from M .  voltue, where the selenium atom is present as a selenocysteine residue on an unusually 
small seperate subunit [Sorgenfrei, O., Klein, A. & Albracht, S. P. J. (1993) FEBS Lett. 332, 291 -2971. 
The results demonstrate that the three-dimensional structures of the active sites in the selenium-containing 
F420-reducing and F420-non-reducing hydrogenases from M. voltue are highly similar and hence are not 
influenced by the unusual subunit structure of the latter enzyme. Oxidized samples containing either 
natural selenium or  77Se were prepared from the F420-reducing and the selenium-containing F420-non- 
reducing hydrogenase. Both enzymes exhibited EPR spectra typical for [NiFeIhydrogenases in the in- 
active 'ready' state. In contrast to the reduced form, no splitting of the nickel-derived signal due to the 
nuclear spin of "Se was observed in the oxidized state, indicating that the electronic z-axis is perpendicu- 
lar to the Ni-Se direction. 

Keywords: [NiFeIhydrogenase ; EPR ; purification ; selenium ; selenocysteine. 

The simplest biochemical redox reaction, namely the revers- 
ible, heterolytic cleavage of dihydrogen into two protons and 
two electrons is catalysed by enzymes called hydrogenases [I, 
21. These are found in many organisms from all three domains, 
bacteria, eukarya and archaea. Different classes are defined ac- 
cording to the metal content of the enzymes. One class com- 
prises hydrogenases containing no metal other than iron. These 
enzymes are called Fe-only hydrogenases or [Felhydrogenases 
[ l ] .  The second class consists of hydrogenases that contain 
nickel in addition to iron. Accordingly these enzymes were 
named [NiFeIhydrogenases. Most of the characterized hydro- 
genases belong to this group. The EPR spectra of nickel respond 
to redox changes [4-71 and this ion is part of the active site [8]. 
Some [NiFeIhydrogenases are known to possess selenium in the 
form of selenocysteine [9, 101. These enzymes form a subclass 
of the [NiFeIhydrogenases. Such [NiFeSe]hydrogenases are 
found in Desulfovibrio baculufus [ 1 I], Desdjiivibrio salexigens 
[ 121, Methanococcus vur'nielii [9], Methanococcus voltae [ 101 
and, as predicted from the genome sequence, in Methanococcus 
,junnuschii [ 131. 

M. voltae is an anaerobic archaeon that gains energy by oxi- 
dation of hydrogen via hydrogenases and concomitant reduction 

Correspondence to 0. Sorgenfrei, Molecular Genetics, Department 
of Biology, University of Marburg, D-35032 Marburg, Germany 

F a x :  +49 6421 288971. 
E-mail: oliver@molgen.biologie.uni-marburg.de 
Abbreviations. 1, nuclear spin; S, electron spin. 

of carbon dioxide to methane. Four gene clusters predicted to 
code for hydrogenases have been found in M. voltae [14]. The 
structure of the gene clusters indicate that two enzymes are able 
to reduce the electron acceptor F420, a deazaflavin, whereas no 
natural electron acceptor is known for the other two gene prod- 
ucts. Accordingly the enzymes are called F420-reducing hydro- 
genases or F420-non-reducing hydrogenases. One hydrogenase 
of each type contains selenium in the form of selenocysteine 
[lo, 151. 

Depending on the redox potential, an unpaired electron, re- 
siding on the nickel ion, can be detected with EPR spectroscopy. 
[NiFeIhydrogenases have been purified aerobically. Such oxi- 
dized preparations are inactive but can be reactivated upon re- 
duction. The oxidized preparations usually show two EPR sig- 
nals in various ratios IS, 16-22]. One signal has g values of 
2.33, 2.16 and 2.01. Enzyme molecules with such a signal are 
readily activated upon exposure to hydrogen. Hence this state is 
termed 'ready' [17, 181. We will refer to the active site in this 
state as Ni,(III) (formerly called Ni-a or Ni-B). The other signal 
has g values of 2.31, 2.23 and 2.02; molecules exhibiting this 
signal need a prolonged contact with hydrogen, often at elevated 
temperature, before activity is obtained. We therefore call the 
active site in this state Ni,(III) (formerly called Ni-b or Ni-A). 

Some hydrogenases have been purified anaerobically [ 101. 
These preparations are active without further treatment. The an- 
aerobically purified F420-non-reducing hydrogenase from M.  
voltae has been probed with EPR spectroscopy [23, 241. This 
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enzyme, as isolated under an atmosphere of 5 %  H, and 95% 
N,, showed an EPR signal with g values of 2.21, 2.15 and 2.01. 
This spectrum resembles a signal which was obtained upon re- 
ductive activation of oxidized hydrogenases from different ori- 
gins [4, 17-19, 25, 261. The species exhibiting this signal are 
light sensitive at low temperatures [23, 251. Illumination with 
white light led to disappearance of the signal, and concomitantly 
a new signal with its lowest g value at 2.05 was observed. It has 
been shown that the velocity of these light-sensitive changes was 
dependent on the bulk-hydrogen isotope provided by the solvent 
[25]. It was concluded by the authors that a photolytic cleavage 
of a nickel-hydrogen bond was responsible for the changes in 
the spectrum. All enzymes exhibiting these characteristics were 
catalytically active. Since in this state the active site is two re- 
ducing equivalents more reduced than the oxidized state we de- 
note enzymes in this state Ni,(I)XH, prior to illumination and 
Ni,(I)[H,] after illumination. In the literature these states are also 
called Ni-C and Ni-C* (or Ni-L), respectively. 

Recent advances in the characterization of the active site by 
Mossbauer spectrocopy [27], X-ray diffraction [28] and Fourier- 
infrared spectroscopy [29-311 showed that the active site of 
[NiFe] hydrogenases consists of a bimetallic Ni-Fe site. The Fe 
ion is low spin and has an octahedral coordination with 5-6 
ligands: Two cysteine thiols and an oxygen atom [28, 321, bridg- 
ing between iron and nickel, plus two CN- and one CO mole- 
cules [31]. The nickel ion has five ligands in an octahedral coor- 
dination : three bridging ligands described above and two thiols 
[28, 321. As the v(CN) and v(C0) stretch vibrations respond to 
redox and other changes in the active site [29], redox changes 
on the iron ion probably occur [32]. Hence the notations we use 
here are only valuable as a label to indicate the actual redox 
state of the active site as a whole, but not nescessarily that of the 
nickel ion, and is merely used for the sake of a clear discussion. 

The Ni,(I) states of the selenium-containing F420-non-re- 
ducing hydrogenase from M. voltae have been extensively 
studied by means of EPR spectroscopy [23, 241. In the Ni,(I) 
XH, state of 77Se-enriched enzyme an anisotropic hyperfine in- 
teraction of the nickel-based unpaired electron with the nuclear 
spin of the isotope was observed, showing that the selenium 
atom is a ligand of the nickel [23]. After illumination a hyperfine 
interaction was still observable but the splitting was nearly iso- 
tropic. Since the unpaired electron of the nickel ion in the 'dark' 
resided in an orbital with mainly d,2 character and in an orbital 
with mainly d,2.,2 character after illumination, and since the 
77Se nucleus interacted in both states with this electron, it was 
assumed that the electronic z-axis could flip by 90" upon illumi- 
nation. 

In CO-treated enzyme the g values of the signal differed 
from the g values obtained from untreated enzyme [24]. As in 
hydrogenase from Chromutium vinosum [33] the nuclear spin of 
' T O  introduced an isotropic hyperfine splitting [24]. Although 
the EPR signal of the CO-treated species shows that the unpaired 
electron is in an orbital with mainly dz2 character, both isotopes, 
' T O  and 77Se, introduced an hyperfine splitting. After illumina- 
tion the interaction with the "C nucleus was no longer observed 
but the splitting due to 77Se remained, although it was weaker 
[24]. From these results it was concluded that selenium and CO 
bind on opposite sides of the nickel and that the electronic 
z-axis flips by 90" upon photodissociation of the nickel-bound 
co. 

The F420-non-reducing hydrogenase from M .  voltue has a 
peculiar feature. It contains an unusually small subunit of 25 
amino acids [lo]. The sequence of this subunit is similar to the 
highly conserved C-terminal sequence of the large subunit of 
other hydrogenases [14]. It contains selenium in the form of 
selenocysteine [lo]. This selenium has been shown to be a li- 

gand of the nickel in the active center [23]. The structure of a 
sulfur analogue of this subunit has been analysed and a nickel- 
binding capacity has been shown in vitro [34]. 

As the peculiar characteristics of the selenium splitting were 
observed only in the F420-non-reducing hydrogenase from M. 
voltue [23, 241 containing the unique small subunit, it could be 
argued that this particular enzyme might not be representative 
for other [NiFeIhydrogenases. To test whether the electronic 
structure around the nickel is similar in a selenium-containing 
hydrogenase where all cysteine-thiol ligands are present in one 
subunit, it was desirable to perform EPR measurements with the 
F420-reducing hydrogenase from M. voltue, which is predicted 
to harbour a selenocysteine at a conserved position [14]. To be 
able to prepare active enzyme in an amount suitable for spectro- 
scopic investigations, an anaerobic purification procedure was 
established. We prepared samples with natural selenium and en- 
riched in 77Se. No information was available on the possible 
interaction of the nickel-based unpaired electron and the sele- 
nium nucleus in  oxidized enzyme. To address this question we 
have prepared oxidized samples of the selenium-containing 
F420-non-reducing and the selenium-containing F420-reducing 
hydrogenase from M.  voltue with either natural selenium or 77Se. 

MATERIALS AND METHODS 

Growth of M. voltae. M. voltue PS (DSM 1537) was grown 
at 37°C in 10 1 batch cultures with a HJCO, (80:20) gas phase. 
The growth medium described by Whitman et al. [35] was used 
with the following modifications. Cysteine and sodium sulfide 
were omitted. A small amount of H,S was added to the gas 
phase as a reductant and the sulfur source. 1 pM selenite, as 
the natural isotope mixture or enriched in 77Se (92.4 atom%; 
Promochem), was added. [77Se]selenite was prepared as de- 
scribed earlier [23]. The selenium concentration in the medium 
without selenite addition was lower than 3 nM as determined by 
hydride atomic-absorption spectroscopy (Biodata). On this basis 
the 77Se enrichment was calculated to be 92%. Cells were har- 
vested anaerobically during late exponential growth, frozen in 
liquid nitrogen, and stored at -80°C. 

Isolation of the F420-reducing hydrogenase. All purifica- 
tion steps were performed under exclusion of oxygen. Column 
chromatography and concentration of enzyme solutions were 
performed in an anaerobic glove box (Coy Laboratories) con- 
taining 5 %  H, and 95% N,. Outside the glove box, solutions 
were stored in glass bottles sealed with rubber stoppers. Samples 
were added by means of gas tight syringes. 

The hydrogen-uptake activity was determined in cuvettes 
sealed with rubber stoppers under a hydrogen atmosphere with 
benzyl viologen or F420 as electron acceptor. The reduction of 
the electron acceptor was monitored photometrically at 578 nm 
or 405 nm, respectively. The oxidation of 1 pmol HJminute is 
defined as 1 U. 

Crude lysate and centrifugation. l o g  frozen cells were 
lysed in 30 ml buffer A (50 mM Tris/HCl, pH 7.5) containing 
100 pg/ml DNAse by stirring at 18 "C for 30 min. Centrifugation 
for 30 min at 16OOOOXg yielded the S160 supernatant. 

Column chromatography. The S 160 fraction was applied 
to a DEAE-Sepharose fast-flow column (2.6 cmX16 cm; Phar- 
macia) and eluted with a step gradient of 0, 0.2, 0.25, 0.3, 0.35, 
0.4 and 2 M NaCl in buffer A. The fractions exhibiting F420- 
reducing activity were pooled and 4 M ammonium sulfate was 
added to 0.7 M. This solution was applied to a phenyl-Superose 
HR 10/10 column (Pharmacia). After a wash with 0.7 M ammo- 
nium sulfate the column was developed with 0.5, 0.25 and 0 M 
ammonium sulfate in buffer A. The F420-reducing activity 
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Fig. 1. Gel electrophoretic analysis of the purified F420-reducing hy- 
drogenase. The subunits of the purified enzyme were separated on a 
12% SDS gel according to Laemmli [44]. Lane A, purified enzyme. 
Three bands with apparent molecular masses of 45, 37, and 27 M)a can 
be seen. M, size marker. 

eluted with 0.25 M ammonium sulfate. The volume of this frac- 
tion was reduced by ultrafiltration through an Omega membrane 
(Filtron) and the sample was diluted fivefold with buffer A to 
reduce the salt concentration. This solution was loaded on a 
Mono Q HR 10/10 column (Pharmacia). After washing with 
buffer A alone and with 0.24M NaCl in buffer A, the protein 
was eluted with a 70-ml linear gradient from 0.24 M to 0.44 M 
NaCl in buffer A. The active fraction was concentrated by ultra- 
filtration by means of Centricon 30 (Amicon) microconcentra- 
tors. 

Isolation of the F420-non-reducing hydrogenase. The 
F420-non-reducing hydrogenase was purified as reported pre- 
viously [ 101. Enzyme solutions were concentrated by ultrafiltra- 
tion through Centricon 30 microconcentrators (Amicon). 

Preparation of samples for EPR spectroscopy. The con- 
centrated hydrogenase solutions were anaerobically transferred 
into EPR tubes and quickly frozen. Oxidized samples were gen- 
erated by opening the EPR tubes at room temperature, whereaf- 
ter equilibration with air was established by flicking the tube. 
After an incubation of 2 min the tubes were frozen. 

EPR spectroscopy. EPR spectra at X band (9 GHz) were 
obtained with a Bruker ECS 106 EPR spectrometer at a field- 
modulation frequency of 100 kHz. Cooling of the sample was 
performed with an Oxford Instruments ESR 900 cryostat with 
an ITC4 temperature controller. The magnetic field was cal- 
ibrated with an AEG Magnetic Field Meter. The X-band fre- 

quency was measured with a HP 5350B Microwave Frequency 
Counter. Illumination of the samples was carried out in the he- 
lium cryostat by shining white light (Osram Halogen Bellaphot, 
150 W) via a light guide through the irradiation grid of the 
Bruker ER 4102 ST cavity. Dark adaption of illuminated sam- 
ples was carried out by placing the samples for 10 min in cold 
(200 K) ethanol in the dark. For computer simulations the pro- 
gram EPR [Neese, F. (1995) Quantum chemistry program ex- 
change, Indiana, USA, program no. QCMP1361 was used. Nor- 
malized double-integral values (i.e. the spin concentrations) of 
the simulated spectra were calculated and used to determine the 
weights neccessary for the simulation of the various spectra. 

RESULTS 

Purification of F420-reducing hydrogenase from M. voltae. 
To obtain highly active protein in quantities, which allow subse- 
quent spectroscopic investigations of the enzyme, a purification 
procedure under anoxic conditions was used. The enzyme was 
purified to apparent homogeneity as determined via SDSPAGE 
(Fig. 1). The specific hydrogen-uptake activity of the purified 
enzyme was 350 U/mg protein (Table 1). This value is higher 
than the value reported for the aerobically purified enzyme, 
which was 10 U/mg protein [36]. The yield was calculated to be 
7.4%. The subunits, as separated on a denaturing gel had appar- 
ent molecular masses of 45, 37 and 27 kDa, in reasonable accor- 
dance with masses derived from the gene sequences. Bands of 
the same apparent molecular mass have been reported for the 
aerobically purified enzyme [36]. However, a band of an appar- 
ent molecular mass of 55 kDa, as previously reported, was not 
observed with the present preparations. It has been argued that 
this band might have been due to partially denatured protein 
[36]. No partially denatured protein was observed with our prep- 
arations after 5-min boiling with SDS and dithiothreitol. 

EPR spectra of the active site in F42O-reducing hydrogenase 
as isolated. Since the anaerobically performed purification 
yielded large amounts of highly active enzyme, it was possible 
to record EPR spectra of this hydrogenase. In addition to signals 
of Fe-S clusters observed at low temperatures (data not shown), 
the enzyme under 5% of hydrogen showed a rhombic EPR 
spectrum at 70 K with gXYL = 2.21, 2.15 and 2.01. The latter line 
was obscured by radical species in the sample (Fig. 2IA) and 
could only be detected in difference spectra. The g values are 
typical for selenium-containing [NiFeIhydrogenases in the 
Ni,(I)XH, state [23, 261. As in other hydrogenases, the species 
responsible for this signal was light sensitive at low temper- 
atures. Illumination below 77 K led to disappearance of this sig- 
nal and the appearence of another signal with g,,, values of 2.05, 
2.11, and 2.29 (Fig. 2IB). This signal resembles the light-in- 
duced signal of the F420-non-reducing hydrogenase from M. 

Table 1. Purification of the F420-reducing hydrogenase from M. voltae. The electron acceptors used for the activity determination are given. 
Specific activities were calculated for the reduction of F420. BV, benzyl viologen. 

~ 

Fraction Activity Protein Yield Purification factor Specific activity 

BV F420 

U mg ?k -fold U/mg 

S160 592 350 29 580 1550 100 1 

Phen yl-Superose 6610 2180 13 7.4 8.8 
Mono Q 1620 2 200 6.3 1.4 18.4 

DEAE-Sepharose 70 220 4 660 66 15.8 3.7 
19 
71 

168 
349 
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Fig. 2. EPR spectra of F42O-reducing hydrogenase. (I) Experimental 
spectra. The purified protein was frozen in the dark without further treat- 
ment. (A) Spectrum of the sample prior to illumination. (B) Spectrum 
of the same sample after 5 min illumination with white light at 70 K. 
(C) Difference spectrum of the spectra shown in (A) and (B). EPR condi- 
tions: microwave frequency, 9420.4 MHz; microwave power incident to 
the cavity, 2.6 mW; modulation amplitude, 1.27 mT; temperature, 70 K. 
(11) Simulations of the spectra shown in  (I). (A) Simulation of the NiJ) 
XH, signal of the F420-reducing hydrogenase. (B) Simulation of the 
Ni,(l)[H,] signal. (C) Difference of the simulations shown in (A) and 
(B). Parameters used: microwave frequency, 9420.4 MHz. (A) Summa- 
tion of two spectra with (a) ghy, = 2.207, 2.149, 2.0075; w,,, = 0.972, 
0.919,0.848 mT; weight, 0.9242 [Ni.,(I)XH, without 77Se] and (2) g,,, = 
2.207, 2.149, 2.0075; wXy, = 0.972, 0.919 with a hyperfine interaction, 
I = 1/2, A,,, = 0.97, 1.79, 5.39 mT; weight, 0.0758 [Ni,(I)XH, with 
100% "Se]. (B) Summation of two spectra with (1) gxy, = 2.0478, 
2.1099, 2.285; MJ,,, = 0.583, 0.707, 0.730 mT; weight, 0.9242 
(Ni,(I)[H,] without 77Se} and (2) g,,, = 2.0478, 2.1099, 2.285; w,,,, = 
0.583, 0.707, 0.730 mT; with a hyperfine interaction, I = 112; A,,, = 
4.36, 4.79, 4.01 rnT; weight, 0.0758 {Ni,,(I)[H2] with 100% 77Se]. 

voltue [23] and is similar to the signal of the Ni,(I)[H,] species 
of other hydrogenases 125, 371. To resolve the high-field line of 
the 'dark' spectrum, a difference spectrum of the spectra 
(Fig. 2IA, B) was calculated (Fig. 2IC). Here the g, line of the 
'dark' spectrum can be seen at g = 2.01. All spectra shown in 
Fig. 21 could be simulated as S = 112 spectra and are shown in 
Fig. 211. The natural abundance of 7'Se (7.58%) was taken into 
account. Thus each simulated spectrum shown in Fig. 211 con- 
sists of two simulations, namely, one assuming no 77Se and one 
assuming 100% "Se. The hyperfine tensors neccessary to calcu- 
late the latter simulations were determined from the spectra of 
the "Se-enriched sample. 

EPR spectra of "Se-enriched F420-reducing hydrogenase as 
isolated. As outlined above, the F420-reducing hydrogenase was 
predicted to contain selenium in the form of selenocysteine. Due 
to the conserved position of this selenocysteine it is highly likely 
that the selenium is a ligand to the nickel, as has been shown 
for other selenium-containing hydrogenases [23, 271. This ques- 
tion was addressed by preparing enzyme enriched in 77Se. The 
spectrum of such a preparation (prepared under 5 % hydrogen) 
is shown in Fig. 3 TA. Comparison with Fig. 21A shows that the 
g, and g, lines at g = 2.21 and 2.15 are broadened. This is as- 
cribed to the hyperfine interaction of the unpaired electron of 
the nickel with the nudear spin of the "Se. The high-field line is 
overlapping with a radical signal as in the preparation containing 
natural selenium. However, careful inspection of this region 
shows a trough (Fig. 31A) that is absent i n  the sample with natu- 
ral selenium. This indicates a large splitting of the g, line due to 

I n I1 - 
2.5 2.4 2.3 2.2 2.1 2 1.9 2.5 2.4 2.3 2.2 2.1 2 1.9 

g-val u e g-value 

Fig. 3. EPR spectra of 77Se-enriched F420-reducing hydrogenase as 
isolated. (I) Experimental spectra: The purified protein was frozen in 
the dark without further treatment. (A) Spectrum of the sample prior to 
illurnination. The arrow points to a trough that is due to the split g, line 
of the Ni,(l)XH, signal. (B) Spectrum of the same sample after 5 min 
illumination with white light at 70 K. (C) Difference of the spectra 
shown in (A) and (B). EPR conditions: microwave frequency, 
9416.7 MHz; microwave power incident to the cavity, 2.6 mW; modula- 
tion amplitude, 1.27 mT; temperature, 70 K. (11) Simulations of the 
spectra shown in (I) (A) Simulation of the Ni,(I)XH, signal of the 77Se- 
enriched F420-reducing hydrogenase. (B) Simulation of the Ni,(I)[HJ 
signal. (C) Difference of the simulations shown in (A) and (B). Parame- 
ters as in Fig 211 but for the microwave frequency (9416.7 MHz) and 
weights. The weights were as follows. For (A), Ni,(I)XH, without 
"Se =0.08, Ni,(I)XH, with 100% 77Se = 0.92. For (B), Ni,(I)[H,] with- 
out "Se = 0.08, Ni,(I)[H,] with 100% "Se = 0.92. 

77Se. After illumination of the sample, the spectrum in Fig. 3 IB 
was observed. All the lines of the 'light' spectrum are split two- 
fold due to the interaction with the nuclear spin of the 77Se. 
Fig. 3TC shows the difference spectrum of the 'dark' and 'light' 
spectrum of the 77Se-enriched sample. From this spectrum it can 
be confirmed that the trough in the 'dark' spectrum (Fig. 31A) 
is part of the split g, line of this signal. Thus, the splitting intro- 
duced by 77Se is highly anisotropic in the 'dark' signal. In con- 
trast it is nearly isotropic after illumination. 

The spectra shown in Fig. 31 could be simulated as S = 112 
spectra using the same parameters as in Fig. 211 but with dif- 
ferent weights for the individual spectra. The simulations are 
shown in Fig. 3 11. Comparison with the experimental spectra 
shows a good fit. The hyperfine tensors determined by the simu- 
lation confirm the notion that the splitting is highly anisotropic 
i n  the 'dark' spectrum (A,,, = 0.97, 1.79 and 5.39 mT) and 
nearly isotropic after illumination of the sample (A,,, = 4.36, 
4.79 and 4.01 mT). 

EPR spectra of oxidized F420-reducing hydrogenase. Purified 
F420-reducing hydrogenase was oxidized by exposing the sam- 
ple to air. Such a sample showed an EPR spectrum as in 
Fig. 4IA.  The low-field lines of the rhombic spectrum can be 
detected at g = 2.41 and 2.17. The high-field line, which is ex- 
pected at g = 2.01, was obscured due to overlap with a radical 
signal. In view of the g values, the signal is attributed to the 
'ready' species [Nir(III)] although the g ,  value is considerably 
higher than in other [NiFeIhydrogenases. To investigate the in- 
fluence of 77Se on this spectrum, samples enriched in 77Se were 
prepared. The EPR spectrum of such a sample is shown in 
Fig. 4IB. Comparison of the line shape of these two spectra 
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Fig. 4. EPR spectra of oxidized hydrogenase containing natural sele- 
nium and enriched in "Se. The purified enzymes were oxidized by 
exposure to air. EPR conditions: microwave power incident to the cavity, 
2.6 mW; modulation amplitude, 1.27 mT; temperature, 12.5 K. (I) 
Spectra of F420-reducing hydrogenase. (A) Spectrum of a sample con- 
taining natural selenium. (B) Spectrum of a sample enriched in 7'Se. 
Microwave frequency, 941 5 MHz. (11) Spectra of F420-non-reducing hy- 
drogenase. (A) Spectrum of a sample containing natural selenium. (B) 
Spectrum of a sample enriched in "Se. Microwave frequency, 
9416.3 MHz (A), 9415.1 MHz (B). 

shows no apparent effect of 77Se. This means that the hyperfine 
interaction of the nickel-based unpaired electron with the 77Se 
nucleus must be considerably smaller than the line width. 

EPR spectra of oxidized F420-reducing hydrogenase. Oxi- 
dized F42O-non-reducing hydrogenase was prepared by treat- 
ment with air. The spectrum of such a sample is displayed in 
Fig. 1 IIA. This spectrum with its low-field lines at g = 2.397 
and 2.171 can be attributed to the Nir(III) species, similarly to 
the spectrum obtained with oxidized F420-reducing hydroge- 
nase. The g, line expected at g = 2.01 is obscured by overlap- 
ping signals. To test wether the influence of 77Se on this 
spectrum is comparable to the influence observed for the F420- 
reducing enzyme, the F420-non-reducing hydrogenase was pre- 
pared from cells grown in 77Se-enriched medium. After oxida- 
tion, such samples gave spectra as displayed i n  Fig. 4IIB. With 
these concentrated samples only minor effects of 77Se, the largest 
being an apparent 0.63-mT broadening of the g = 2.17 line, 
were observed. The g = 2 region was studied thoroughly. No 
signs of a possible splitting of the g, line was observed (data not 
shown). 

DISCUSSION 

Properties of the F420-reducing hydrogenase. The F420-re- 
ducing hydrogenase from M. voltue has been anaerobically puri- 
fied to a specific hydrogen-uptake activity of 350 U/mg with 
F420 as electron acceptor. This value is 35-fold higher than the 
value obtained for aerobically purified enzyme 1361. The spe- 
cific activity of hydrogenases was about 80-fold higher in ex- 
tracts of cells where contact with oxygen was minimized, com- 
pared with cells harvested and disrupted in air. This indicates 
that oxygen affects the activity irreversibly. In addition, a poly- 
peptide of a molecular mass of 55 kDa observed in previous 

preparations was probably a contamination since it has not been 
found in the highly active preparations shown in this article. 

EPR characteristics of the enzyme. The enzyme as isolated 
under 5 % hydrogen was EPR active and showed spectra charac- 
teristic for enzymes in the Ni,(I) state. The g values were almost 
identical to the g values reported for the F420-non-reducing hy- 
drogenase from the same organism [23] and similar to the g 
values reported for other [NiFelhydrogenases [25, 26, 371. 
Light-sensitive changes typical for [NiFeIhydrogenases i n  this 
state were observed. 

Enrichment in 77Se resulted in an anisotropic splitting of the 
Ni,(I)XH, signal by the nuclear spin ( I  = 1/2) of the "Se nu- 
cleus. The hyperfine tensors (Axy, = 0.97, 1.79 and 5.39 mT) are 
in the same range as the previously reported values from the 
F420-non-reducing enzyme (A,,, = 0.96, 1 S48 and 5.32 mT) 
[23] and the estimated values of A, and A, of the [NiFeSeIhydro- 
genase from D. baculutus (1 .O mT and 1.8 mT, respectively) 
[26]. The strong splitting of the g, line ( A ,  = 5.39 mT) and the 
much smaller splitting in the g, and g, lines (Axs = 0.97 mT and 
1.79 mT) indicate that mainly a dipole-dipole interaction con- 
tributes to the overall splitting. Since the f i  values (g, close to 
g,, and gXy > g7) are characteristic for an unpaired d electron in 
an orbital with a large d,2 contribution [38], it is concluded that 
the selenium atom is a ligand to nickel and that the electronic 
z-axis is along the Ni-Se bond. 

After illumination, the signal changed considerably but the 
77Se nucleus still interacted with the unpaired electron. As ob- 
served for the F420-non-reducing hydrogenase [23], the splitting 
was nearly isotropic (A,,, = 4.36, 4.79 and 4.01 mT) indicative 
for spin density on the selenium nucleus, presumably due to s 
orbital contribution. Since in the Ni,(I)[H,] species no g value 
is close to gc, i t  is assumed that the unpaired electron is no 
longer in an orbital with mainly d,2 character but rather in  an 
orbital with most likely dx2.,2 character. In contrast to the dL2 
orbital, this orbital has a planar symmetry. Thus the interaction 
of the unpaired electron with the selenium nucleus can be ex- 
plained by assuming a 90" flip of the electronic z-axis, as pro- 
posed earlier [23]. A change of the geometric position of the 
selenium atom is unlikely since the light-sensitive changes can 
be observed at temperatures down to 4.2 K and the selenium is 
part of a selenocysteine in the polypeptide chain and therefore 
fixed in the rigid spatial structure of the protein. 

These results compare very well to previously performed ex- 
periments with the F420-non-reducing hydrogenase from M.  
voltue [23], suggesting that the observed characteristics are com- 
mon for [NiFeJhydrogenases. 

EPR characteristics of the oxidized enzyme. Up to now no 
data on selenium-containing hydrogenases were available in one 
of the oxidized states. The F420-reducing hydrogenase when ox- 
idized under air showed a spectrum (Fig.4IA) which can be 
attributed to a state of the enzyme in which it can readily be 
activated [Nic(III)]. Such a spectrum was also observed when 
the enzyme was oxidized with dichloroindophenol (Pfeiffer, M., 
unpublished results). 

The g value of the low-field line (gx = 2.41) is higher than 
the value reported for most other hydrogenases, which is about 
2.33 133, 391. The g, line at g = 2.17 is at a position where it is 
found in most other enzymes. 

The F420-non-reducing hydrogenase showed a similar 
spectrum in its oxidized state (Fig. 4TIA). This shows that the 
structure of these two enzymes around the nickel is similar de- 
spite that the F420-non-reducing hydrogenase contains part of 
the nickel-binding site on a seperate subunit [lo, 23, 341. 
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The spectra of the 77Se-enriched enzymes (Fig. 4IB, IIB) 
showed no detectable splitting due to 77Se. Inspection of the g ,  
region gave no indication for a possible splitting due to 77Se. 

In hydrogenase from Wolinella succinogenes enriched in 
j3S, an influence of the isotope was detectable in the oxidized 
[Nir(III)] and in the reduced [Nia(I)] states [39]. The observed 
effect was explained by an interaction of the unpaired electron 
of the nickel with one sulfur atom, but not necessarily the same 
one, in both oxidation states. The effective hyperfine interaction 
of 77Se is usually larger than that of '"S. Although the magnetic 
dipole moments of both nuclei are comparable [38], the energies 
of the 4s and 4p orbitals of selenium are considerably higher 
than those of the 3s and 3p orbitals of sulfur. This favours orbital 
overlap with the metal 3d orbitals 1401. Therefore the splitting 
due to 77Se is expected to be larger than the splitting caused by 
'3 if the structure of the active site is comparable. The observed 
effects for the Ni,(I)XH, and Ni,(I)[H,] states are consistent with 
this assumption. Therefore, we conclude that the sulfur atom 
that caused the hyperfine effect in the Ni,(I)XH, state of "S- 
enriched enzyme from W succinogenes has the same geometri- 
cal position as the selenium atom in selenium-containing hydro- 
genases. In accordance with this, the largest hyperfine effect was 
observed at g ,  in both cases. The quality of the spectra of the 
Ni,(I)[H,] state of the "S preparation from W succinogenes [39] 
does not permit a proper analysis on this point. 

The Ni,(III) signal has one of its g values close to g,, sug- 
gesting that the unpaired electron is in an orbital with predomi- 
nantly d,2 character, similar to that in the Ni,(I)XH, state. In 
77Se-enriched enzyme the unpaired electron in the NiJ) X H, 
state experienced a hyperfine interaction of 5.39 mT in the 
z-direction, which was the Ni-Se axis. In contrast, no apparent 
effect was detected in the Ni,(III) state. Therefore we conclude 
that the electronic z-axis is perpendicular to the Ni-Se direction. 
This means that the electronic z-directions in oxidized and re- 
duced enzymes are perpendicular to each other. This in turn 
might reflect a considerable difference in coordination around 
nickel. 

Taking these results into account it follows that the sulfur 
atom that caused the hyperfine interaction in oxidized hydroge- 
nase from W succinogenes [39] is not the one at the position of 
the selenium atom in selenium-containing hydrogenases, but 
must be the one with a Ni-S bond perpendicular to the Ni-Se 
direction. In the nomenclature of the Desulfovibrio gigas en- 
zyme [28], this means that it must be the thiol of Cys65 or 
Cys533. Van der Zwaan et al. [33] have shown that reoxidation 
of reduced hydrogenase from C. vinosum with I70-enriched 0, 
led to a slight broadening of EPR signals of Ni,(III) and Ni,(III) 
by 1 7 0  ( I  = 5/2). Volbeda et al. 1321 found evidence for a non- 
protein bridging hgand between Ni and Fe in the oxidized D. 
gigas enzyme and consider it reasonable to assume that this may 
be an oxygen atom. If the d,2 orbital of the nickel, holding the 
unpaired spin, would point to the S atom of Cys65, it would 
also point to the putative 0 atom and a larger hyperfine effect 
would have been expected. We therefore favour the Ni- 
S(Cys533) direction as the z-direction in the oxidized enzyme. 
Direct measurement of the g tensor in crystals of oxidized 
[NiFe] hydrogenase from Desulfvvibrio vulgaris, Miyazaki F 
[41] resulted in the Ni-S(Cys533) direction as the z-axis. 

X-ray -absoption-spectroscopy studies on different hydro- 
genases in various oxidation states indicated that the charge den- 
sity on the nickel does not change significantly [42, 431. Two 
explanations were given for this observation. One possibility 
would be that the redox chemistry takes place at another redox 
component. In view of the knowledge that the active site is com- 
posed of a dinuclear cluster of iron and nickel [27, 28, 31, 321 
it is conceivable that the iron undergoes most of the redox 

changes, as is suggested by the frequency shift of the v(CN) and 
v(C0) stretch vibrations [31]. Via spin-spin coupling this could 
make the unpaired spin of the nickel either EPR detectable if 
the iron ion is diamagnetic, or undetectable if the iron ion is 
paramagnetic (in the S = 1/2 state). The unpaired spin of the 
nickel does not interact noticeably with the "Fe nucleus in the 
s7Fe-enriched enzyme from C. vinosum as monitored with S- 
band EPR or X-band electron nuclear double-resonance 
spectroscopy (Gessner, C., Roseboom, W., Albracht, S. P. J. and 
Lubitz, W., unpublished observations). Another explanation was 
the assumption that the redox chemistry could take place on the 
ligands of the nickel rather than on the nickel itself. The un- 
paired spin observed with EPR spectroscopy experiences a hy- 
perfine interaction caused by 77Se, ranging from 12.1 mT in CO- 
treated enzyme [24] to a nearly undetectable effect in oxidized 
enzyme. This indicates that the spin density on the 77Se nucleus 
differs between these states. This might be in line with the as- 
sumption that the selenium is involved in redox chemistry in 
that it buffers charges by delocalization. This might be tested by 
X-ray- absorption-spectroscopy studies focussing on the absorp- 
tion edge of the selenium. Such experiments are under way. 

The investigations were supported by the Deursche Forschungs- 
gemeinschaf, the Fonds der Chemischen Industrie, the Cooperation in 
Science and TechnologyAction 818, and the Netherlands Foundation for 
Chemical Research, with financial aid from the Netherlands Organiza- 
tion for Scientific Research. 

REFERENCES 
1. Krasna, A. L. & Rittenberg, D. (1954) The mechanism of action of 

the enzyme hydrogenase, J.  Am. Chem. Soc. 76, 3015-3020. 
2. Rittenberg, D. & Krasna, A. I. (1955) Interaction of hydrogen with 

hydrogenase, Discuss. Farada)i Soc. 20, 185- 189. 
3. Adams, M. W. W. (1990) The structure and mechanism of iron- 

hydrogenases, Biochim. Biophys. Acta 1020, 115 - 145. 
4. Kojima, N., Fos, J. A., Hausinger, R. P., Daniels, L., Orme-Johnson, 

W. H. & Walsh, C. T. (1983) Paramagnetic centers in the nickel- 
containing, deazaflavin-reducing hydrogenase from Methanobac- 
terium thermoautotrophicum, Proc. Natl Acad. Sci. USA 80, 378- 
382. 

5 .  Teixeira, M., Moura, I., Xavier, A. V., DerVartanian, D. V., LeGall, 
J., Peck, H. D. Jr, Huynh, B. H. & Moura, I. J. G. (1983) Desul- 
jbvibrio gigas hydrogenase: redox properties of the nickel and 
iron-sulphur clusters, Eur: J. Biochem. 130, 481 -484. 

6. Coremans, J. M. C. C., van der Zwaan, J. W. & Albracht, S. P. J. 
(1 989) Redox behaviour of nickel in hydrogenase from Methano- 
bacterium thermoautotrophicum (strain Marburg) - correlation 
between the nickel valence state and enzyme activity, Biochim. 
Biophys. Acta 997, 256-267. 

7. Barondeau, D. P., Roberts, L. M. & Lindahl, P. A. (1994) Stability 
of the Ni-C state and oxidative titrations of Desulfovibrio gigas 
hydrogenase monitored by EPR and electronic absorption spectro- 
scopies, J. Am. Chenz. Soc. 116, 3442-3448. 

8. Albracht, S. P. J. (1994) Nickel hydrogenases: in search of the active 
site, Biochim. Biophys. Actu Il88, 167-204. 

9. Yamazaki, S. (1982) A selenium containing hydrogenase from 
Methanococcus vannielii, J .  Biol. Chem. 257, 1926-7929. 

10. Sorgenfrei, O., Linder, D., Karas, M. & Klein, A. (1993) A novel 
very small subunit of a selenium containing [NiFe] hydrogenase 
of Methanococcus voltae is posttranslationally processed by 
cleavage at a defined position, Eur: J .  Biochem. 213, 1355-1358. 

11. Teixeira, M., Fauque, G., Moura, I., Lespinat, P. A,,  Berlier, Y., 
Prickril, B., Peck, H. D. Jr, Xavier, A. V., LeGall, J. & Moura, J. 
J. (1987) Nickel-(iron-sulfur)-selenium-containing hydrogenases 
from Desulfovibrio baculatus (DSM1743), Eur: J.  Biochem 167, 

12. Teixeira, M., Moura, I., Fauque, G., Czechowski. M., Berlier, Y., 
Lespinat, P. A., LeGall, J . ,  Xavier, A. V. & Moura, J.  J. G. (1986) 
Redox properties and activity studies on a nickel-containing hy- 

47-58. 



Sorgenfrei et al. (Eur: J. Biochem. 247) 687 

drogenase isolated from a halophilic sulfate reducer Desulfovibrio 
salexigens, Biochimie (Paris) 68, 75 - 84. 

13. Bult, C. J., White, O., Olsen, G. J., Zhou, L., Fleischmann, R. D., 
Sutton, G. G., Blake, J. A,, FitzGerald, L. M., Clayton, R. A., 
Gocayne, J. D., Kerlavage, A. R., Dougherty, B. A,, Tomb, J.-F., 
Adams, M. D., Reich, C. I., Overbeek, R., Kirkness, E. F., Weins- 
tock, K. G., Merrick, J. M., Glodek, A,, Scott, J. L., Geoghagen, 
N. S. M., Weidman, J. F., Fuhrmann, J. L., Nguyen, D., Utterback, 
T. R., Kelley, J. M., Peterson, J. D., Sadow, P. W., Hanna, M. 
C., Cotton, M. D., Roberts, K. M., Hurst, M. A,, Kaine, B. P., 
Borodovsky, M., Klenk, H.-P., Fraser, C. M., Smith, H. O., 
Woese, C. R. & Venter, J. C. (1996) Complete genome sequence 
of the methanogenic archaeon, Methanococcus jannuschii, Sci- 
ence 273, 1058-1073. 

14. Halboth, S. & Klein, A. (1992) Methanococcus voltae harbors four 
gene clusters potentially encoding two [NiFe] and two [NiFeSe] 
hydrogenases, each of the cofactor F,,,,-reducing or F421,-non-re- 
ducing types, Mol. Gen. Genet. 233, 217-224. 

15. Kothe, E., Halboth, S., Sitzman, J. & Klein, A. (1990) The hydro- 
genase of Methanococcus voltae: an approach to the biochemical 
and genetic analysis of an archaebacterial uptake hydrogenase, in 
Microbiology and biochemistry of strict anaerobes involved in 
interspecies hydrogen transfer (Btlaich, J.-P., Bruschi, M. & 
Gracia, J.-L., eds) pp. 25-36, Plenum Press, New York. 

16. Fernandez, V. M., Aguirre, R. & Hatchikian, E. C. (1984) Reductive 
activation and redox properties of the hydrogenase from Desul- 
fovibrio gigas, Biochim. Biophys. Acta 790, 1 -7. 

17. Fernandez, V. M., Hatchikian, E. C. & Cammack, R. (1985) Proper- 
ties and reactivation of two different forms of Desulfovibrio gigas 
hydrogenase, Biochim. Biophys. Acta 832, 69-79. 

18. Fernandez, V. M., Rao, K. K., Fernandez, M. A. & Cammack, R. 
(1986) Activation and deactivation of the membrane-bound hy- 
drogenase from Desulfovibrio desulfuricans, Norway strain, Bio- 
chimie (Paris) 68, 43-48. 

19. Teixeira, M., Moura, I., Xavier, A. V., Huynh, B. H., DerVartanian, 
D. V., Peck, H. D. Jr, LeGall, J.  & Moura, J. J. G. (1985) Electron 
paramagnetic resonance studies on the mechanism of activation 
and the catalytic cycle of the nickel-containing hydrogenase from 
Desulfovibrio gigas, J.  Biol. Chem. 260, 8942- 8950. 

20. Albracht, S. P. J., Kalkman, M. I. & Slater, E. C. (1983) Magnetic 
interaction of nickel (111) and the iron-sulphur cluster in hydroge- 
nase from Chromatiurn vinosum, Biochim. Biophys. Acta 724, 

21. Albracht, S. P. J., van der Zwaan, J. W. & Fontijn, R. D. (1984) EPR 
spectrum at 4, 9 and 35 GHz of hydrogenase from Chromatiurn 
vinosum. Direct evidence for spin-spin interaction between Ni(II1) 
and the iron-sulphur cluster, Biochim. Biophys. Acta 766, 245- 
258. 

22. Albracht, S. P. J., Fontijn, R. D. & van der Zwaan J. W. (1985) 
Destruction and reconstitution of the activity of hydrogenase from 
Chromatiurn vinosum, Biochim. Biophys. Acta 832, 89-97. 

23. Sorgenfrei, O., Klein, A. & Albracht, S. P. J. (1993) Influence of 
illumination on the electronic interaction between 77Se and nickel 
in active F,,,,-non-reducing hydrogenase from Methanococcus 
voltae, FEBS Lett. 332, 29 1-297. 

24. Sorgenfrei, O., Duin, E. C., Klein, A. & Albracht, S. P. J. (1996) 
Interactions of 77Se and”CO with nickel in the active site of active 
F,,,-nonreducing hydrogenase from Methanococcus voltae, J.  
Bid.  Chem. 271, 23799-23806. 

25. van der Zwaan, J. W., Albracht S. P. J., Fontijn, R. D. & Slater, 
E. C. (1985) Monovalent nickel in hydrogenase of Chromatiurn 
vinosum - Light sensitivity and evidence for direct interaction 
with hydrogen, FEBS Lett. 179, 271-277. 

26. He, S. H., Teixeira, M., LeGall, J., Patil, D. S., Moura, I., Moura, 
J. J. G., DerVartanian, D. V., Huynh, B. H. & Peck, H. D. Jr 
(1989) EPR studies with 77Se-enriched (NiFeSe) hydrogenase of 
Desulfovibrio baculatus, J.  Biol. Chem. 264, 2678-2682. 

27. Surerus, K. K., Chen, M., van der Zwaan, J. W., Rusnak, F. M., 
Kolk, M., Duin, E. C., Albracht, S. P. J. & Munck, E. (1994) 
Further characterization of the spin coupling observed in oxidized 

309-31 6. 

hydrogenase from Chromutium vinosum - a Mossbauer and 
multifrequency EPR study, Biochemistry 33, 4980-4993. 

28. Volbeda, A,, Charon, M. H., Piras, C., Hatchikian, E. C., Frey, M. & 
Fontecilla-Camps, J. C. (1995) Crystal structure of the nickel-iron 
hydrogenase from Desulfovibrio gigas, Nature 373, 580-587. 

29. Bagley, K. A., Duin, E. C., Roseboom, W., Albracht, S. P. J. & 
Woodruff, W.H. (1995) Infrared-detectable groups sense changes 
in charge density on the nickel center in hydrogenase from Chro- 
matium vinosum, Biochemistry 34, 5527-5535. 

30. van der Spek, T. M., Arendsen, A. F., Happe, R. P., Yun, S., Bagley, 
K. A., Stufkens, D. J., Hagen, W. R. & Albracht, S. P. J. (1996) 
Similarities in the architecture of the active sites of Ni-hydrogen- 
ases and Fe-hydrogenases detected by means of infrared spectros- 
copy, Eur: J.  Biochem. 237, 629-634. 

31. Happe, R. P., Roseboom, W., Pierik, A. J., Albracht, S. P. J. & Bag- 
ley, K. A. (1997) Biological activation of hydrogen, Nature 382, 
126. 

32. Volbeda, A,, Garcin, E., Pinas, C., De Lacy, A. L., Fernandez, V. 
M., Hatchikian, E. C., Frey, M. & Fontecilla-Camps, J. C. (1996) 
Structure of the [NiFe] hydrogenase active site: evidence for bio- 
logically uncommon Fe ligands, J.  Am. Chem. Soc. 118, 12989- 
12996. 

33. van der Zwaan, J. W., Coremans, J. M. C. C., Bouwens, E. C. M. & 
Albracht, S. P. J. (1990) Effect of ”0, and ‘ T O  in EPR spectra 
of nickel in hydrogenase from Chromutium vinosum, Biochim. 
Biophys. Acta 1041, 101 - 110. 

34. Pfeiffer, M., Klein, A,, Steinert, P. & Schomburg, D. (1995) An 
all sulphur analogue of the smallest subunit of F,,,,-non-reducing 
hydrogenase from Methanococcus voltae - metal binding and 
structure, Biofuctors 5, 157- 168. 

35. Whitmdn, W. B., Ankwanda, E. & Wolfe, R. S. (1982) Nutrition 
and carbon metabolism of Methanococcus voltae, J.  Bacteriol. 

36. Muth, E., Morschel, E. & Klein, A. (1987) Purification and charac- 
terization of an 8-hydroxy-5-deazaflavin-reducing hydrogenase 
from the archaebacterium Methanococcus voltae, ELM 1. Biochem. 

37. Medina, M., Hatchikian, E. C. & Cammack, R. (1996) Studies of 
light-induced nickel EPR signals in hydrogenase : Comparison of 
enzymes with and without selenium, Biochim. Biophys. Acta 

38. Weil, J. A,, Bolton, J. R. & Wertz, J. E. (1994) Electron parumag- 
netic resonance. Elementury theory and practical applications, 
John Wiley & Sons, New York. 

39. Albracht, S. P. J., Kroger, A,, van der Zwaan, J. W., Unden, G., 
Bocher, R., Moll, H. & Fontijn, R. D. (1986) Direct evidence for 
sulphur as a ligand to nickel in hydrogenase: an EPR study of the 
enzyme from Wolinellu succinogenes enriched in ‘3, Biochim. 
Biophys. Acta 874, 116- 127. 

40. Kreijzer, C. P. & De Boer, E. (1975) E.S.R. study of copper and 
silver N, N-dialkyldiselenocarbamates. Part 11. Interpretation of 
spectra measured in host lattices with monomeric structures, Mol. 

41. Gessner, C., Trofanschuk, O., Kawagoe, K., Higuchi, Y., Yasuoka, 
N. & Lubitz, W. (1996) Single crystal EPR study of the Ni center 
of NiFe hydrogenase, Chem. Phys. Lett. 256, 518-524. 

42. Bagyinka, C., Whitehead, J. P. & Maroney, M. J. (1993) An X- 
ray absorption spectroscopic study of nickel redox chemistry in 
hydrogenase, J.  Am. Chem. Soc. 115, 3576-3585. 

43. Gu, Z., Dong, J., Allan, C. B., Choudhury, S. B., Franco, R., Moura, 
J. J. G., Moura, I., LeGall, J., Przybyla, A. E., Roseboom, W., 
Albracht, S. P. J., Axley, M. J., Scott, R. A. & Maroney, M. J. 
(1997) Structure of the Ni sites in hydrogenases by X-ray absorp- 
tion spectroscopy. Species variation and effects of redox poise, J.  
Am. Chem. Soc., in the press. 

44. Laemmli, U. K. (1970) Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4, Nature 227, 680-685. 

149, 852-863. 

169, 571-577. 

1275, 227-236. 

Phys. 29, 1007- 1020. 




