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ABSTRACT: In typical NiFe hydrogenases like that fromDesulfoVibrio gigas, the active state of the enzyme
which is obtained by incubation under hydrogen gas gives a characteristic Ni-C electron paramagnetic
resonance (EPR) signal atg ) 2.19, 2.14, and 2.01. The Ni-C species is light-sensitive, being converted
upon illumination at temperatures below 100 K in a mixture of different Ni-L species, the most important
giving an EPR signal atg ) 2.30, 2.12, and 2.05. This photoprocess is considered to correspond to the
dissociation of a hydrogen species initially coordinated to the Ni ion in the Ni-C state. When the [4Fe-
4S] centers of the enzyme are reduced, the proximal [4Fe-4S]1+ cluster interacts magnetically with the Ni
center, which leads to complex split Ni-C or split Ni-L EPR spectra only detectable below 10 K. In
order to probe the structural changes induced in the Ni center environment by the photoprocess, these
spin-spin interactions were analyzed inD. gigashydrogenase by simulating the split Ni-L spectra recorded
at different microwave frequencies. We shown that, upon illumination, the relative arrangement of the
Ni and [4Fe-4S] centers is not modified but that the exchange interaction between them is completely
canceled. Moreover, the rotations undergone by the Ni center magnetic axes in the photoconversion
were determined. Taken together, our results support a Ni-C structure in which the hydrogen species is
not in the first coordination sphere of the Ni ion but is more likely bound to a sulfur atom of a terminal
cysteine ligand of the Ni center.

Nickel-iron hydrogenases are the most commonly found
enzymes that catalyze the reversible oxidation of molecular
hydrogen in prokaryotic organisms (Wu & Mandrand, 1993).
In the sulfate-reducing bacteriumDesulfoVibrio gigas, the
enzyme has been shown to contain three iron-sulfur centers,
one [3Fe-4S] and two [4Fe-4S] clusters, and a Ni center
which is usually considered as the activation site of dihy-
drogen (Hatchikian et al., 1990; Cammack, 1992; Albracht,
1994). Several magnetic states of the Ni site have been
identified by electron paramagnetic resonance (EPR) spec-
troscopy, depending on the redox and activation states of
the enzyme (Cammack et al., 1987; Teixeira et al., 1989).
Purification of the hydrogenase in the presence of air leads
to an enzyme which is essentially inactive toward hydrogen
and which gives a predominant EPR signal known as Ni-A
(g ) 2.31, 2.23, 2.01) and a minor signal Ni-B (g ) 2.33,
2.16, 2.01), both signals being considered to arise from Ni-
(III) species. Upon reduction, the enzyme at first becomes
EPR-silent and then yields a third Ni signal, the Ni-C signal
atg) 2.19, 2.14, and 2.01, which increases with a prolonged
exposure to hydrogen gas or strong reductants and which
correlates with the active form of the enzyme (Fernandez et
al., 1986). Upon further reduction, the [4Fe-4S] clusters also
become reduced and interact magnetically with the Ni-C

species which leads to a complex spectrum detectable only
below 10 K with major features atg ) 2.21 and 2.10
(Cammack et al., 1985, 1987; Teixeira et al., 1989), and
recently termed the “split Ni-C” signal (Guigliarelli et al.,
1995). Finally, in the fully reduced hydrogenase, the Ni site
becomes EPR-silent and only the reduced Fe-S centers are
EPR-active, giving a broad and fast-relaxing signal.

In contrast with the Ni-A and Ni-B signals, which were
not observed in the subclass of NiFeSe hydrogenases, the
Ni-C signal was detected in all NiFe hydrogenases, showing
small variations of itsg-values in the NiFeSe enzymes (He
et al., 1989; Sorgenfrei et al., 1993). The Ni-C signal is
light-sensitive, being converted upon illumination at low
temperature (<100 K) into a new anisotropic signal at about
g ) 2.29, 2.12, and 2.05 termed the Ni-L or Ni-C* signal
(Van der Zwaan et al., 1985; Cammack et al., 1987; Asso et
al., 1992; Sorgenfrei et al., 1993). The strong kinetic isotope
effect observed for this photoconversion inChromatium
Vinosumhydrogenase in D2O led to the proposal that the
Ni-C species is coordinated to a hydrogen species which
dissociates upon illumination (Van der Zwaan et al., 1985).
More recently, the extent of this kinetic isotope effect has
been observed to vary considerably among a number of
hydrogenases from different species (Medina et al., 1996).
At the present time, neither the nature of the hydrogen species
involved (H+, H-, or H2) nor the valence state of the Ni ion
[Ni(I) or Ni(III)] has been unambiguously established. The
two-electron separation between the Ni-B and Ni-C states
(Roberts & Lindahl, 1994), and the CO binding properties
of the Ni-C species (Van der Zwaan et al., 1986; Cammack
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et al., 1987) argue in favor of the Ni(I) hypothesis. In
contrast, the Ni(III) assignment is supported by the similarity
between the EPR properties of the Ni-L state and of oxidized
Ni-substituted rubredoxins (Mus-Veteau et al., 1993; Huang
et al., 1993) and by the results of some X-ray absorption
experiments suggesting that the Ni ion is in the same
oxidation level in the different redox forms of the enzyme
(Whitehead et al., 1991; Bagyinka et al., 1993). Whether
or not the Ni-C state is an intermediate of the catalytic cycle
of hydrogenase is also a subject to debate, and various
enzyme mechanisms have been proposed which differ
essentially in the nature of the Ni-C species (Cammack et
al., 1987; Hatchikian et al., 1990; Teixeira et al., 1989;
Coremans et al., 1992; Huang et al., 1993; Roberts &
Lindahl, 1994).

Recently, we have analyzed the magnetic interactions
which develop between the nickel center and the proximal
[4Fe-4S]1+ cluster inD. gigas hydrogenase by simulating
the split Ni-C EPR signal recorded at different microwave
frequencies and by studying the relaxation enhancement of
the Ni center over a wide temperature range (Guigliarelli et
al., 1995). This analysis provided a detailed description of
the relative arrangement of the two metal centers and gave
a unifying picture of the static and dynamic effect of their
magnetic coupling. In the present paper, this spin-spin
coupling analysis is used to probe the structural changes
induced at the Ni site upon low-temperature illumination of
the Ni-C state. The EPR spectra arising from the interactions
between the Ni-L and the [4Fe-4S]1+ centers were simulated
at different frequencies. The parameters deduced from these
simulations demonstrate that the photoprocess is accompa-
nied by a breaking of the exchange pathway between the
two centers and allow the rotations undergone by the Ni-C
magnetic axes to be specified. The implications of these
results on the Ni-C structure are discussed.

MATERIALS AND METHODS

Hydrogenase fromDesulfoVibrio gigas was purified as
previously described (Hatchikian et al., 1978). Samples were
prepared in 50 mM 2-(N-morpholino)ethanesulfonate buffer,
pH 6.5. The activation of the enzyme was achieved by
incubation under hydrogen atmosphere at 20°C overnight,
in an electrochemical cell designed for the preparation of
small-volume EPR samples (Cammack & Cooper, 1993).
The redox states of the enzyme in which the nickel is in the
Ni-C form and the [4Fe-4S] clusters are either oxidized or
reduced were prepared as in Guigliarelli et al. (1995) by
flushing the activated hydrogenase with argon till the desired
potential was achieved. The redox state of the enzyme was
then monitored by EPR spectroscopy.

X-band EPR spectra were recorded on a Bruker ESP300
spectrometer fitted with an Oxford Instruments ESR 900 flow
cryostat. At X-band, the illumination of hydrogenase
samples was carried out directly in the cryostat at the desired
temperature by using a 150-W Barr & Stroud fiber optic
white light through a stub waveguide fitted to the TE102
cavity. For S-band experiments, the same spectrometer was
equipped with an ER061SR microwave bridge and a CF935
Oxford cryostat. In this case, illumination of samples was
performed in a quartz dewar filled with liquid nitrogen, the

EPR tubes being quickly transferred into the CF935 cryostat
to avoid warming the samples above 100 K.
The EPR spectra arising from the spin-spin coupling

between the Ni center and the proximal [4Fe-4S]1+ cluster
were simulated by using the program POINTDIP developed
in our laboratory to describe the magnetic interactions
between two paramagnetic point dipoles with spinS) 1/2
(Guigliarelli et al., 1993, 1995). The main parameters used
in this program are the principal values of the twog tensors,
the spherical polar coordinates (r, θ, φ) which determine the
position of the Ni center with respect to the [4Fe-4S] cluster,
the three Euler angles (a, b, c) which define the relative
orientation of the two sets of magnetic axes, and the
intercenter exchange coupling constantJ, defined byHex )
-2JS1S2. In this work, the labeling of the magnetic axes (x,
y, z) of the two paramagnets is defined bygz > gy > gx.

RESULTS

Upon reduction with hydrogen gas or strong reductant,
the intensity of the Ni-C EPR signal ofD. gigashydrogenase
shows a bell-shaped variation as a function of the redox
potential (Cammack et al., 1987; Teixeira et al., 1989). As
the reduction of the [4Fe-4S] centers of the enzyme occurs
at a slightly lower potential than the appearance of the Ni-C
signal, it is possible to prepare the Ni-C form of hydrogenase
in two different redox states of the enzyme, depending on
the redox state of the [4Fe-4S] centers. When the [4Fe-4S]
clusters are oxidized and thus diamagnetic, the enzyme gives
the pure unsplit Ni-C signal withg-values atg ) 2.194,
2.146, 2.010 (Figure 1a), whose line shape is independent
of the temperature up to about 100 K. In contrast, when
the [4Fe-4S] centers are reduced and thus paramagnetic, the
spin-spin coupling between the Ni center and the proximal
[4Fe-4S]1+ clusters leads to a complex and fast-relaxing EPR
spectrum, the split Ni-C signal (Figure 1c), only detectable
at low temperature (<10 K). When the temperature is raised,
the splittings of the interaction spectrum collapse progres-
sively owing to the shortening of the [4Fe-4S]1+ spin-lattice
relaxation time, which leads to a Ni signal identical to the
unsplit Ni-C signal at temperatures higher than 50 K
(Guigliarelli et al., 1995).
At temperatures below 100 K, the illumination of hydro-

genase samples in the unsplit Ni-C state by white light
converts the Ni-C signal into a new rhombic signal previously
termed Ni-C* or Ni-L. In fact, the illumination process
yields a mixture of two Ni signals here referred to as Ni-L1
and Ni-L2 (Medina et al., 1996), which differ most noticeably
in their highestg values,gz ) 2.266 and 2.296, respectively
(Figure 1b). The ratio of these two species was very
dependent on the temperature and on the duration of the
illumination, the Ni-L1 species appearing as a transient
species favored by low temperature and short duration of
illumination (Medina et al., 1994). Upon illumination above
60 K, only the Ni-L2 species was obtained (Figure 2a), which
allowed the Ni-L1 signal to be determined from spectral
differences (Figure 3a). In the same way, when a hydro-
genase sample prepared in the split Ni-C state was il-
luminated at low temperature, the split Ni-C signal changed
into a new complex EPR spectrum only visible below 10 K
(Figure 1d). At higher temperature, this complex spectrum
changed into two overlapping Ni-L1 and Ni-L2 signals, so
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that it can be interpreted as arising from the magnetic
interactions between the Ni-L species and the proximal fast-
relaxing [4Fe-4S]1+ cluster. The illumination of the split
Ni-C state above 60 K led to a pure split Ni-L2 signal (Figure
2b), which was subtracted from the spectrum of Figure 1d
to get the split Ni-L1 signal (Figure 3b).
It can clearly be seen that the splittings of the different

lines exhibited by the split Ni-L2 (Figure 2b) and split Ni-
L1 (Figure 3b) signals are much smaller than in the split
Ni-C signal (Figure 1c), which indicates that the overall
spin-spin coupling between the Ni center and the [4Fe-4S]1+

cluster is significantly weakened by the illumination process.
Moreover, although the Ni-L1 and Ni-L2 species have rather
similar g-values (Table 1), the anisotropy of their magnetic
coupling with the proximal Fe-S cluster differs significantly.
Thegz line displays the smallest splitting in the split Ni-L2
signal (Figure 2b) but the largest in the split Ni-L1 one
(Figure 3b). In order to interpret these observations more
quantitatively, we undertook numerical simulations of both
split Ni-L signals.
In a first approach, these simulations were carrried out by

considering that the illumination processes only affect the
coordination shell of the Ni center. The relative arrangement
of the Ni and [4Fe-4S] centers was then assumed to be
unchanged, and we used in this analysis the same structural

parameters (r, θ, φ) as for the simulations of the split Ni-C
signal (Guigliarelli et al., 1995). Theg-values of the [4Fe-
4S]1+ cluster were also considered to be unaffected by the
photoprocess, which was supported by the similarity of the
broad signals arising from reduced Fe-S centers in the split
Ni-C and split Ni-L signals (Figure 1c,d). By using for the
Ni-L1 and Ni-L2 species theg-values deduced from the
simulations of the unsplit Ni-L1 (Figure 3a) and unsplit Ni-
L2 (Figure 2a) signals, good simulations of the split Ni-L1
(Figure 3b) and split Ni-L2 (Figure 2b) signals were obtained
by only changing theJ value and the orientation of the
magnetic axes of the Ni center (Table 1). In a second step,

FIGURE1: Effect of illumination on the EPR spectra of H2-activated
D. gigashydrogenase. Unsplit signals given by a sample poised
at -354 mV (a) before illumination and (b) after 1 min of
illumination at 30 K. Split signals given by a sample poised at
-376 mV (c) before illumination and (d) after 5 min of illumination
at 5 K. EPR conditions: temperature (a, b) 30 K or (c, d) 5 K;
microwave frequency 9.357 GHz; microwave power (a, b) 2 mW
or (c, d) 0.2 mW; modulation amplitude 1 mT.

FIGURE 2: X-band EPR spectra ofD. gigas hydrogenase in the
Ni-L2 state. (a) Unsplit Ni-L2 signal given by the sample of Figure
1a after 5 min of illumination at 70 K. (b) Split Ni-L2 signal given
by a sample poised at-376 mV after 15 min of illumination at 70
K. EPR conditions: temperature (a) 70 K or (b) 5 K; microwave
frequency 9.356 GHz; microwave power 2 mW; modulation
amplitude 1 mT. Dashed lines, numerical simulations obtained with
the parameters listed in Table 1.

FIGURE 3: X-band EPR spectra ofD. gigas hydrogenase in the
Ni-L1 state. (a) Unsplit Ni-L1 signal obtained by subtracting the
unsplit Ni-L2 signal from the spectrum of Figure 1b. (b) Split Ni-
L1 signal derived by subtracting the split Ni-L2 signal from the
spectrum of Figure 1d. Dashed lines, numerical simulations
obtained with the parameters given in Table 1.
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we checked that the interaction spectra calculated by chang-
ing the parameters (r, θ, æ) cannot fit the experimental split
Ni-L signals. The broad signal visible on the experimental
spectrum of Figure 2b likely arises from an excess of reduced
[4Fe-4S] centers in the hydrogenase sample we used.
Strikingly, all these simulations required a zero value for
the exchange coupling constant (Table 1), and we checked
that no correct simulation could be obtained by taking|J| >
2 × 10-4 cm-1. This shows that the exchange coupling
between the two metal centers is largely canceled by the
illumination process.
It is well-known that at low temperature the split Ni-C

signal saturates with microwave power much less easily than
the unsplit Ni-C signal (Van der Zwaan et al., 1987; Teixeira
et al., 1989) (Figure 4). We have shown previously that this
different relaxation behavior arises from the spin-spin
coupling between the Ni center and the proximal fast-relaxing
[4Fe-4S]1+ center in the split Ni-C state, and we have
analyzed these differences by considering explicitly the
exchange and dipolar contributions of the magnetic interac-
tion (Guigliarelli et al., 1995). In order to make the same
comparison on the light-induced signals, continuous-wave
microwave power saturation experiments were performed at
5 K on the derivativelike peaks atg ) 2.126 andg ) 2.138
for the unsplit and split Ni-L2 signals, respectively (Figure
4). The unsplit Ni-L2 and unsplit Ni-C signals showed the
same saturation behavior, indicating that the intrinsic relax-
ation properties of the Ni ion are not affected by illumination.

Remarkably, the saturation behavior of the split Ni-L2 signal
is intermediate between those of the split and unsplit Ni-C
signal (Figure 4). This observation is fully consistent with
the disappearance of the exchange interaction between the
Ni-L2 species and the proximal [4Fe-4S]1+ center, since in
this case the relaxation enhancement of the nickel center is
only due to the dipolar contribution of the magnetic coupling.
Thus, the splittings of thegu peaks (u ) x, y, z) observed

for the split Ni-L1 and split Ni-L2 signals are only due to
the dipolar interaction whose first-order contribution varies
as (1- 3 cos2 γu), γu being the angle between the magnetic
axesu of the Ni center and the interspin vectorr . Obviously,
any rotation of the Ni magnetic axes aboutr would change
the Euler angles (a, b, c) while keeping the anglesγu constant
and should then lead to similar calculated spectra. Starting
from the orientation of the Ni-L2 magnetic axes correspond-
ing to the simulation of Figure 2b (Table 1), we have
computed all the sets of Euler angles (a, b, c) obtained by
rotating the Ni-L2 magnetic axes by an angleR about r
(Figure 5), and we have effectively checked that any value
of these sets of Euler angles led to a calculated split Ni-L2
spectrum very close to that shown in Figure 2b. Thus, it
appears that the actual orientation of the Ni-L2 magnetic axes
cannot be completely determined from X-band simulations
only. In order to specify this actual orientation, the split
Ni-L2 signal was recorded at S-band (Figure 6). The use
of a lower microwave frequency enhanced the dipolar
splittings relative to theg-tensor anisotropy, so that higher
order contributions of the dipolar coupling are expected to
manifest on the spectrum. Split Ni-L2 spectra were numeri-
cally calculated at S-band for each set of Euler angles defined
in Figure 5 by varying the rotation angleR by 10° steps. A
rotation by 180° about vectorr led to nearly identical spectral
shapes, and we observed that theR variations essentially

Table 1: Parameters Used for the Numerical Simulations of the EPR Signals Arising from the Spin-Spin Coupling between the Ni Center
and the Proximal [4Fe-4S]1+ Clustera

gx(Ni) (σx)b gy(Ni) (σy) gz(Ni) (σz)
J

(10-4 cm-1) (a, b, c)c (deg)

split Ni-Cd signal 2.010 (5.5× 10-3) 2.146 (5.7× 10-3) 2.194 (5.9× 10-3) 40 (56, 72, 105)
split Ni-L1 signal 2.045 (3.5× 10-3) 2.115 (4.2× 10-3) 2.265 (4.3× 10-3) 0 (10, 35, 0)
split Ni-L2 signal 2.047 (4.0× 10-3) 2.126 (5.5× 10-3) 2.296 (5.5× 10-3) 0 (80, 77, 110); (216, 97, 277)e

a The other parameters used in the simulations aregx(4Fe)) 1.860,gy(rFe)) 1.915,gz(4Fe)) 2.137,r ) 0.86 nm,θ ) 85°, andæ ) 60° (Guigliarelli
et al., 1995).b Standard deviations characterizing theg-strain at X-band.c The accuracy on the angles is about 5°. d From Guigliarelli et al. (1995).
eAfter refinement of the Euler angles by simulation of the S-band spectrum (see Figure 7).

FIGURE 4: Saturation behavior of the Ni signals in activatedD.
gigas hydrogenase before and after illumination. Experimental
conditions: temperature 5 K; modulation frequency 100 kHz;
modulation amplitude 1 mT. Peak-to-peak amplitudes (O) of the
g) 2.146 line of the unsplit Ni-C signal, (b) of theg) 2.104 line
of the split Ni-C signal, (0) of the g ) 2.126 line of the unsplit
Ni-L2 signal, and (9) of theg) 2.138 line of the split Ni-L2 signal
are shown.

FIGURE 5: Possible values of the Euler angles (a, b, c) relating the
magnetic axes of the proximal [4Fe-4S]1+ cluster and those of the
Ni-L2 species as deduced from the simulation of the split Ni-L2
signal at X-band. The angleR describes the rotation of the Ni-L2
magnetic axes about the intercenter vectorr .
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modified the relative amplitudes of the lines without
significantly changing their positions (Figure 6). The
comparison of the calculated spectra with the experimental
one showed that onlyR ≈ 80° andR ≈ 260° led to good
simulations of the S-band spectrum, the former value giving
a better fit. In order to improve the split Ni-L2 signal
simulations at both X-band and S-band, the Euler angles were
then extensively varied around the values corresponding to
these twoR regions. The best simulations so obtained are
given in Figure 7 and correspond to the Euler angles (a, b,
c) ) (216°, 97°, 277°). Acceptable but lesser quality fits
were also obtained with (a, b, c) ) (83°, 88°, 110°), which
corresponds toR ≈ 260°. As with the Ni-L2 species, the
magnetic axes of the Ni-L1 species could not be determined
unambiguously from X-band simulations of the split Ni-L1

signal only. Unfortunately, the smaller amount of the Ni-
L1 species and its overlap with the Ni-L2 species precluded
the S-band experiments required for a similar parameter
refinement.

DISCUSSION

The light sensitivity of the Ni-C state is a general feature
of all nickel hydrogenases. The finding that the rate of the
photoreaction is nearly 6 times slower in D2O than in H2O
for theC. Vinosumhydrogenase has suggested initially that
it corresponds to a breakage of a nickel-hydrogen bond (Van
der Zwaan et al., 1985). Recently, the light sensitivity of
the Ni-C state was studied in different nickel hydrogenases
and the kinetic isotope effect observed in D2O was found to
be strongly variable, ranging from a factor of about 30 for
D. gigashydrogenase to about 1 for the NiFeSe enzyme from
Desulfomicrobium baculatum(Medina et al., 1996). These
results, together with the presence of at least three different
paramagnetic Ni-L species generated upon illumination,
indicate that the photoreaction of active hydrogenases is not
a simple process and that it involves probably several
rearrangements of the nickel environment, even at cryogenic
temperature. The analysis of the spin-spin interactions
between the Ni center and the proximal [4Fe-4S]1+ cluster
we have developed for theD. gigashydrogenase (Guigliarelli
et al., 1995) offers an interesting way to monitor such
rearrangements by using the proximal [4Fe-4S]1+ cluster as
a magnetic probe.
The parameters deduced from the numerical simulations

of the split Ni-L1 and split Ni-L2 signals (Table 1), which
arise from the magnetic coupling between this FeS cluster

FIGURE 6: Effect of the rotation of the Ni magnetic axes about the
intercenter vectorr on the calculated split Ni-L2 spectra at S-band.
The Euler angles (a, b, c) corresponding to theR values are deduced
from Figure 5. The other parameters used in the simulations are
given in Table 1. Dotted line, experimental split Ni-L2 spectrum
recorded at S-band with the following conditions: temperature 5
K, microwave frequency 4.018 GHz; microwave power 0.2 mW;
modulation amplitude 1 mT.

FIGURE7: Final refinement of the numerical simulation of the split
Ni-L2 signal ofD. gigashydrogenase. X-band (a) and S-band (b)
EPR spectra. Experimental conditions as for Figure 2b (a) or Figure
6 (b). Dashed lines, numerical simulations obtained with the
parameters given in Table 1.
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and the Ni-L1 or Ni-L2 species, respectively, confirmed that
the illumination does not affect the relative arrangement of
the two centers but modifies only the coordination sphere
of the Ni center, as evidenced by the changes of itsg-tensor.
At this point, it is worth noting that in the point dipole model
used in our analysis, the intercenter distancer is an effective
parameter which differs from the center to center distance
given by the crystallographic study (Volbeda et al., 1995).
This study has revealed that the Ni center is actually a
dinuclear Ni-X cluster in which a second metal atom X
(probably iron) is located at about 0.29 nm from the Ni ion.
Recently, we have improved the simulations of the split Ni-C
spectrum recorded at three microwave frequencies by using
a model in which the Ni center is considered as a mono-
nuclear center and the delocalization of the spin density over
the proximal [4Fe-4S]1+ cluster is explicitly considered
(Bertrand et al., 1996). The detailed arrangement of the two
centers given by this model is very similar to that given by
the X-ray crystal study, which supports the view that the
spin density of the Ni-X center is essentially localized on
the Ni site. This more detailed study confirmed the validity
of the angular parameters deduced from the point dipole
approach (Bertrand et al., 1996).
The numerical simulations of the split Ni-L signals

performed at X-band and S-band enabled us to determine
unambiguously the magnetic axes of the Ni center only for
the Ni-L2 species, which is the major light-induced species.
By use of the Euler angles between the magnetic axes of
the [4Fe-4S]1+ center and those of the Ni-C species, it was
possible to deduce the changes induced by the photoreaction
on the Ni center magnetic axes (Table 2). The angle
deviations were found to be small, ranging from 20° to 30°.
A similar conclusion holds for the second set of Ni-L2
magnetic directions which could not be completely excluded
by considering the quality of the S-band simulations (Table
2). This shows that the magnetic axes of the Ni center in
the activeD. gigashydrogenase are not greatly affected by
the photoprocess. This result then suggests that the photo-
chemical event does not correspond to a photolysis of a Ni-
(H) bond, since in this case the removal of the (H) ligand
would strongly change the coordination symmetry of the Ni
ion and would induce large rotations of its magnetic axes.
In particular, in the Ni-Cf Ni-L2 transition, we did not
observe a 90° flip of the xNi axis, the magnetic axis associated
with the lowestg value. Such a large flip was previously
proposed by Sorgenfrei et al. (1993) to interpret the influence
of the illumination on the hyperfine interaction between77-
Se and nickel in active77Se-enriched NiFeSe hydrogenase
fromMethanococcusVoltae. The discrepancy between the
Sorgenfrei model and our results could be due to structural
differences between the NiFe and NiFeSe hydrogenases, as

suggested by the different FeS contents reported in these
enzymes (He et al., 1989). However, owing to the similarity
of the Ni EPR signals given by the two kinds of enzymes
before and after illumination (Medina et al., 1996), a
difference in the nature of the photoreaction appears rather
unlikely. In fact, the analysis of the hyperfine interactions
with 77Se in activeM. Voltaehydrogenase was mainly based
on the assumption that the Ni orbital containing the unpaired
electron changes from dz2 to dx2-y2 upon illumination (Sor-
genfrei et al., 1993). Such an analysis in terms of pure d
orbitals is rigorous for ligand environments with cubic
symmetry or tetragonally distorted symmetry (Loveccio et
al., 1974; Jacobs & Margerum, 1984) but is no longer valid
for a highly distorted Ni environment (Salerno, 1988). X-ray
studies (Volbeda et al., 1995) have shown that, in oxidized
D. gigas hydrogenase, the Ni ion is coordinated by four
cysteine ligands (Cys 65, 68, 530, and 533), two of them
(Cys 68 and 533) being in a bridging position between the
Ni and the second metal atom X. An additional bridging
oxygen atom leads to a five-coordination of the Ni ion which
is very distorted. The nickel coordination is probably also
distorted in the active form of the enzyme and therefore, a
direct determination of the Ni magnetic axes based on the
analysis of the Ni/[4Fe-4S]1+ magnetic coupling appears to
be more advisable.
When NiFe hydrogenases are prepared in D2O, a sharpen-

ing of the Ni-C signal line widths of about 0.5 mT is
observed (Van der Zwaan et al., 1985; Franco et al., 1993;
Medina et al., 1996). This sharpening is consistent with the
10-20-MHz hyperfine interactions between the Ni-C species
and exchangeable protons detected by electron nuclear double
resonance (ENDOR) experiments in these hydrogenases (Fan
et al., 1991; Whitehead et al., 1993). These weak hyperfine
interactions are hardly consistent with a direct coordination
of a hydrogen species to the Ni atom. Such coordination is
expected to give proton hyperfine coupling of several
hundred megahertz (Symons et al., 1979), which would lead
to a splitting or to a strong broadening of the Ni-C EPR
lines. Furthermore, in the case of NiFeSe enzymes, no line-
width difference was detected for the Ni-C signal in D2O as
compared with H2O (Sorgenfrei et al., 1993; Medina et al.,
1996). This result is consistent with the absence of kinetic
isotope effect in D2O on the Ni-C to Ni-L conversion in
NiFeSe hydrogenases (Medina et al., 1996). All these
observations, together with our finding that the magnetic axes
of the Ni-C and Ni-L2 species are very close, thus suggest
that the hydrogen (H) species, which is believed to be
removed upon illumination, is not in the first coordination
sphere of the Ni ion. Instead, this (H) species could be bound
either to a ligand of the Ni atom or to the second metal atom
X of the Ni-X cluster. Owing to their bridging position, the
thiolate ligands from Cys 68 and Cys 533 are likely excluded.
The metal ion X can also be ruled out since our recent results
indicate that it is diamagnetic in the Ni-C state (Bertrand et
al., 1996; Dole, Guigliarelli, and Bertrand, unpublished
results) and cannot mediate hyperfine interactions with a (H)
species. Thus, good candidates for the binding of the (H)
species could be either theµ-oxo ligand, if this atom is still
present in the active hydrogenase, or one of the terminal
sulfur ligands of the Ni ion (Cys 65 or Cys 530). We favor
this last proposal, which is in agreement with the structural
model proposed by Roberts and Lindahl (1994) for the Ni-C
species on the basis of detailed redox titrations ofD. gigas

Table 2: Relative Orientation of the Magnetic Axes of
Paramagnetic Species in Active and IlluminatedD. gigas
Hydrogenase

solution 1 solution 2

Euler Angles between the Magnetic Axes of the Species (deg)
[4Fe-4S]1+ and Ni-L2 (216, 97, 277) (83, 88, 110)
Ni-C and Ni-L2 (15, 159, 220) (316, 31, 53)

Angle between the Magnetic Axes (deg)
(XNi-C, XNi-L2) 25 25
(YNi-C, YNi-L2) 30 20
(ZNi-C, ZNi-L2) 20 30
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hydrogenase. In particular, the binding of the (H) species
to Cys 530, which is equivalent to the selenocysteine of
NiFeSe hydrogenases, could explain the different properties
of the NiFe and NiFeSe enzyme regarding the proton
hyperfine interactions in the Ni-C state, the kinetic isotope
effect of the Ni-Cf Ni-L photoconversion, and possibly
the catalytic activity (Teixeira et al., 1987).
A striking phenomenon occurring upon illumination of

activeD. gigashydrogenase is the complete cancellation of
the exchange interaction between the Ni center and the
proximal [4Fe-4S]1+ cluster (Table 1). This occurs even in
the first step of the photoprocess since a zero value of theJ
constant was found to be required for simulating the split
Ni-L1 signal. Before illumination, the magnitude of the
exchange interaction between the Ni-C species and the [4Fe-
4S]1+ center (Table 1) is comparable to those found between
the two [4Fe-4S]1+ clusters of reduced bacterial ferredoxins
(More et al., 1996), the intercenter distance being close to
1.2 nm in both systems. However, it is important to note
that, in these ferredoxins, the two [4Fe-4S] centers are carried
by the same polypeptide chain, whereas the Ni center and
the FeS clusters of hydrogenase are coordinated by two
different subunits (Volbeda et al., 1995). The exchange
interaction between two paramagnetic centers arises from
the residual overlap of magnetic orbitals through chemical
bonds involving the intercenter medium (Bencini & Gatte-
schi, 1990). Therefore, the disappearance of the exchange
coupling between the Ni center and the [4Fe-4S]1+ cluster
after illumination might be explained if the (H) species is
involved in a bond pathway connecting these two centers
and then the two subunitsR and â. This hypothesis is
consistent with the binding of the (H) species to one of the
terminal thiolate ligands of the Ni ion (Cys 65 and Cys 530),
which point toward the proximal [4Fe-4S] cluster, and the
exchange pathway connecting the Ni and [4Fe-4S] centers
in active hydrogenase could be involved in the electron
transfer mechanism. Upon illumination at low temperature,
the bond between the (H) species and the thiolate ligand
would be broken, which would change the Ni-C EPR species
into Ni-L species and would suppress the exchange interac-
tion between the Ni center and the proximal [4Fe-4S] cluster.
Since the Ni-C signal is simply restored by warming the
enzyme above about 100 K, the photodissociated (H) species
likely stays close to the Ni metal center, as the CO molecule
behaves upon irradiation of CO-myoglobin (Frauenfelder,
1979). The presence of several Ni-L species could be related
to different locations of the photodissociated (H) species and/
or to different conformations of the Ni environment. Al-
ternatively, the presence of two different (H) species bound
to Cys65 and Cys530, respectively, as suggested by the Ni-C
model of Roberts and Lindahl (1994), cannot be excluded,
and their successive removal could explain the existence of
three Ni-L species.
This model then suggests that the binding sites of the (H)

species and of the carbon monoxide, which is a competitive
inhibitor of dihydrogen (Hallahan et al., 1986), are different.
The binding of CO to active NiFe hydrogenases has been
observed in a number of species and leads to the conversion
of the Ni-C signal into a Ni-CO signal (Van der Zwaan et
al., 1986; Cammack et al., 1987). By use of13CO, a strong
hyperfine splitting of the Ni-CO signal was observed and
was interpreted as arising from the direct binding of the CO
molecule to the Ni ion (Van der Zwaan et al., 1990). The

analysis of the magnetic interactions between the Ni-CO
species and the proximal [4Fe-4S]1+ cluster would be useful
to specify the location of the CO molecule in the Ni active
site, and experiments are in progress with this aim.
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