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Abstract The [NiFe] hydrogenase from the sulphate-

reducing bacterium Desulfovibrio vulgaris Miyazaki F is

reversibly inhibited in the presence of molecular oxygen. A

key intermediate in the reactivation process, Ni-SIr, provides

the link between fully oxidized (Ni-A, Ni-B) and active

(Ni-SIa, Ni-C and Ni-R) forms of hydrogenase. In this work

Ni-SIr was found to be light-sensitive (T B 110 K), similar

to the active Ni-C and the CO-inhibited states. Transition to

the final photoproduct state (Ni-SL) was shown to involve an

additional transient light-induced state (Ni-SI1961). Rapid

scan kinetic infrared measurements provided activation

energies for the transition from Ni-SL to Ni-SIr in protonated

as well as in deuterated samples. The inhibitor CO was found

not to react with the active site of the Ni-SL state. The

wavelength dependence of the Ni-SIr photoconversion was

examined in the range between 410 and 680 nm. Light-

induced effects were associated with a nickel-centred elec-

tronic transition, possibly involving a change in the spin state

of nickel (Ni2?). In addition, at T B 40 K the CN- stretching

vibrations of Ni-SL were found to be dependent on the colour

of the monochromatic light used to irradiate the species,

suggesting a change in the interaction of the hydrogen-

bonding network of the surrounding amino acids. A possible

mechanism for the photochemical process, involving dis-

placement of the oxygen-based ligand, is discussed.
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Introduction

Hydrogenases are metalloenzymes found in the metabolic

pathway of a wide variety of anaerobic and hydrogen-

oxidizing microorganisms [1]. They catalyse the elementary

reversible reaction

H2 � 2Hþ þ 2e�:

Such enzymes couple either oxidation of dihydrogen or

reduction of protons to H2 to the activity of nearby redox

centres. According to the metal content of their active site,

they can be classified into three major categories: (1) [NiFe]

hydrogenases, with nickel and iron forming a hetero-

binuclear active centre [2–5], (2) [FeFe] hydrogenases,

with a bimetallic iron centre linked to a [4Fe–4S] cubane

forming the so-called H-cluster [6, 7] and (3) iron–sulphur

cluster-free hydrogenases (Hmd) or [Fe] hydrogenases from

methanogenic archaea consisting of a mononuclear iron [8].

The [NiFe] hydrogenase from the sulphate-reducing bac-

terium Desulfovibrio vulgaris Miyazaki F is a periplasmic

membrane attached enzyme [9]. It has a molecular mass of

91 kDa and consists of two subunits. The heteronuclear Ni–Fe
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centre is located at the heart of the large subunit; with two

cysteinyl ligands linking the two metal ions (Fig. 1).

Nickel is coordinated further by two other cysteinyl resi-

dues in a terminal fashion and has an open coordination site

opposite to the bridging Cys549. This free coordination site

is believed to serve as the contact position for dihydrogen

during the catalytic process, as the enzyme cycles through

the different redox states. In this process the nickel changes

oxidation state, whereas the iron always remains in the

divalent state (Fe2?). The iron is bridged to nickel by the

Cys84 and Cys549 residues (Fig. 1) and is further coordi-

nated by strong r- and p-ligands, i.e. two cyanides (CN-)

and one carbonyl (CO) [10], which stabilize the iron into a

low oxidation and low-spin state (Fe2?, S = 0). Each

cyanide ligand is proposed to form up to two hydrogen

bonds with the surrounding amino acids (e.g. Arg479,

Pro478, Pro501, Ser502—D. vulgaris numbering), whereas

the carbonyl is surrounded by more hydrophobic residues

(e.g. Leu482, Val500). A third bridging ligand is often

present (labelled as X in Fig. 1), whose identity and

composition varies depending on the catalytic state of the

enzyme [4, 5]. The small subunit contains one [3Fe–4S]1?/0

cluster and two [4Fe–4S]2?/1? clusters [3, 11]. These

clusters mediate the electron transfer between the active

site and the redox partner of the hydrogenase (e.g. cyto-

chrome c3) [1].

The function of the [NiFe] hydrogenases can be inhibited

in the presence of oxygen [12–14], carbon monoxide [15, 16]

and other substances [17, 18]. Thus, aerobic isolation of the

enzyme results in inactive states with oxygen-based ligands

bound to the bimetallic site. The most oxidized states are

called Ni-A and Ni-B (Fig. 2). They are both paramagnetic

states (S = 1/2) related to a Ni3? in the dz2 ground state, but

exhibit different spectroscopic properties [2] and activation

kinetics [12, 19]. Ni-B (ready) is quickly activated in the

presence of H2 or under reducing conditions, whereas Ni-A

(unready) requires longer times [12] and is suggested not to

interact directly with H2 [16, 20]. It has been proposed that

the differences between Ni-A and Ni-B are associated with

the identity of the third ligand bridging nickel and iron

(labelled as X in Fig. 1). For Ni-B the ligand was identified as

OH- [21], whereas for Ni-A it is suggested to be a di-oxo

species (presumably OOH-) as shown by X-ray crystallo-

graphic experiments [14, 22].

One-electron reduction of Ni-B produces the Ni-SIr state

(Nir-S/Ni-SII by other authors). This reaction is pH-

dependent [23–25], showing that the transition from Ni-B

to Ni-SIr is coupled to proton transfer [23, 25]. Electron

paramagnetic resonance (EPR) experiments have shown

that Ni-SIr is an EPR-silent1 species (Ni2?) [26, 27]. In

addition, other spectroscopic data have shown the presence

of a third bridging ligand that hinders the functional ability

of Ni-SIr [5, 24, 28, 29]. Thus, two different mechanisms

have been proposed to explain the transition from Ni-B to

Ni-SIr. Some authors have suggested that the proton is

directly transferred to OH-, resulting in a water molecule

as the third bridging ligand in Ni-SIr [30, 31], which can

then be easily removed under physiological conditions.

Others have suggested that the proton is transferred to one

of the coordinating cysteinyl residues that acts as a base,

which facilitates the later protonation of OH- to water

[29]. The second mechanism considers that OH- remains

as the third bridging ligand in the active site of Ni-SIr. In

this scheme Ni-SIr is in acid–base equilibrium with a

transient state (Ni-SIr)II (state in brackets in Fig. 2), which

retains the H2O ligand loosely bound to the active centre.

After removal of the H2O ligand, the enzyme is able to

enter the functional cycle. This cycle is comprised of three

catalytically active states (Fig. 2), in which the redox

components (active site and iron–sulphur centres) change

their oxidation levels. Ni-SIa is the most oxidized active

state and is EPR-silent (Ni2?). Further one-electron

reduction of Ni-SIa leads to the paramagnetic active state

Ni-C (Ni3?, S = 1/2), with the substrate bound to the

Ni–Fe site. This was shown by electron–nuclear double

resonance (ENDOR) and hyperfine sublevel correlation

(HYSCORE) spectroscopies, first for the regulatory

hydrogenase from Ralstonia eutropha [32] and later for the

standard hydrogenase from D. vulgaris Miyazaki F [33],

where a hydride (H-) was identified as the third bridging

Fig. 1 Active site of the [NiFe] hydrogenase from Desulfovibrio
vulgaris Miyazaki F in the oxidized forms. The elements are

represented by the following colours: orange (iron), green (nickel),

yellow (sulphur), white (carbon), red (oxygen) and blue (nitrogen).

The third bridging ligand X is shown in pink. The numbering of the

cysteine ligands from the protein is given

1 Integer-spin ground states can be characterized as EPR-silent either

if they are diamagnetic (S = 0) or if they cannot be observed with

conventional microwave X/Q/W band frequencies (i.e. S C 1, where

the zero-field splitting is larger than the microwave quantum). So far

no experimental evidence exists from high-field EPR studies for the

reduced hydrogenase states for whether they are associated with a

high-spin or a low-spin state for Ni2?.
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ligand in Ni-C. At cryogenic temperatures (T B 170 K) the

Ni-C state has been shown to be light-sensitive [34]. Illu-

mination at such temperatures converts Ni-C into a new

paramagnetic state denoted as Ni-L. This light-induced

transition was shown by EPR spectroscopy to be associated

with the loss of the hydride bridging ligand upon conver-

sion to Ni-L. This reaction is fully reversible in the dark at

higher temperatures (T C 200 K). Further reduction of

Ni-C produces the Ni-R states, which are again EPR-silent.

Up to three different Ni-R states have been observed by

infrared spectroscopic studies [31]. For all divalent reduced

states (Ni-SI, Ni-R) L-edge X-ray absorption spectroscopy

(XAS) [35] and L-edge X-ray magnetic circular dichroism

(XMCD) [36] studies are consistent with a high-spin nickel

state. However, recent theoretical studies suggest a low-

spin state for Ni2? in the Ni-SI states [37].

Furthermore, [NiFe] hydrogenases can be inhibited by

carbon monoxide. It has been shown that in the active

enzyme, extrinsic CO binds terminally to nickel at the open

coordination site [38]. An EPR-silent CO-inhibited state

(Ni-SCO) [26, 39] is formed if CO binds to the Ni-SIa state,

whereas a paramagnetic CO-inhibited state (Ni-CO) results

from binding of CO to the Ni-L state [40] (Fig. 2). Similar

to the Ni-C state, Ni-SCO (EPR-silent, inactive) and Ni-CO

(paramagnetic, inactive) are also light-sensitive at cryo-

genic temperatures. This effect can be directly correlated

with structural changes in the active site upon illumination

(i.e. dissociation of the extrinsic CO) [26]. However, up to

the present there is little information on the light sensitivity

of the states related to the oxygenic inhibition of the

enzyme. This kind of property, if observed, can be used to

characterize structural features of the active site in such

states and thus provide insight into the reactivation process

of the enzyme, in particular for the study of the inactive

EPR-silent states (e.g. Ni-SIr).

Since some of the states participating in the catalytic

cycle of the enzyme [i.e. Ni-SI states, Ni-R (1, 2, 3)

states] shown in Fig. 2 are EPR-silent [26, 27, 30], their

structural and chemical properties cannot be studied by

EPR spectroscopy. In such cases Fourier transform

infrared (FTIR) spectroscopy has proved to be very

valuable for following redox changes in the active site of

hydrogenases, as the strong p- and r-ligands (CO, CN-)

[26] are sensitive probes of electronic changes (i.e.

electron density on iron, solvent interactions and inter-

molecular hydrogen bonding of the CN- ligands with

nearby proton-donor amino acids) [26]. Vibrational

spectroscopy can thus provide an effective means to

identify each redox state, to follow them in the reaction

cycle and to reveal associated structural and electronic

changes.

In this work we investigated the Ni-SIr state and its light

sensitivity using FTIR spectroscopy. Temperature-depen-

dent back-conversion kinetics, study of the isotope effect

(H/D) on the kinetic rates, wavelength dependence of the

photoconversion and effect of carbon monoxide are

reported. The light-induced effects are discussed and

related to structural rearrangements in the active site of the

D. vulgaris Miyazaki F hydrogenase.

Materials and methods

Sample preparation

Hydrogenase from the anaerobic bacterium D. vulgaris

Miyazaki F was isolated from 50 L cultures as previously

described [41]. The pH of the purified enzyme was kept at

pH 7.4 in tris(hydroxymethyl)aminomethane(Tris)/HCl

buffer solutions.

Fig. 2 Proposed activation and catalytic mechanism for the standard,

oxygen-sensitive [NiFe] hydrogenases. The inhibition by CO and the

light sensitivity of specific states are also depicted. The formal

oxidation state of the nickel and iron ions are shown for each state

along with the proposed inorganic bridging ligand X present in the

active site. Note that for Ni-A and Ni-SU the exact identity of X is not

yet known. Red denotes the electron paramagnetic resonance (EPR)-

active states. The EPR-silent states are given in blue
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Samples in D2O

The aerobically purified enzyme was 20-fold diluted and

reconcentrated in D2O (99.9%, Deutero) based tris(hydroxy-

methyl)aminomethane buffer with pD 7.4 (pD = pH ?

0.41). This procedure was repeated five times. The sample was

finally concentrated and fully reduced with D2 gas (N27, Air

Liquide). Reduction with D2 was performed using a home-

built gas mixer, in which the pressure was controlled with a

manometer in a steel chamber of 30 cm3. Oxidation of the

sample was obtained by exposure to atmospheric air.

CO-inhibited enzyme

The aerobically purified hydrogenase was reduced with H2

in the presence of methyl viologen (Em = -448 mV,

Aldrich) for 10 min. H2 was flushed out of the solution,

which was subsequently saturated with CO (N47, Air

Liquide) for 15 min on ice. The sample was transferred to

the FTIR cell under 100% CO atmosphere (glove bag) and

immediately frozen in liquid N2.

FTIR spectroscopy

Low temperature measurements (10 K B T B 110 K)

were carried out with a Bruker IFS 66v/S FTIR spec-

trometer with 2 cm-1 spectral resolution using an Oxford

Instruments Optistat CF cryostat. The spectrometer is

equipped with a mercury cadmium telluride (MCT) pho-

toconductive detector. The temperature was controlled

using an ITC 503 temperature controller (Oxford Instru-

ments). Kinetic measurements were carried out in rapid

scan mode. Samples were irradiated in situ for 5 min with a

slide projector (250 W halogen lamp, 24 V) equipped with

an electronic shutter (Compor). The temperature depen-

dence of the measured kinetic rates was fitted with the

Arrhenius equation [42]: lnk = lnA - Ea/RT, where k is

the rate constant (s-1), A is the frequency factor (s-1), Ea is

the activation energy (kJ mol-1), R is the ideal gas constant

(8.314472 J K-1 mol-1) and T is the temperature (K).

Illumination for various times at different wavelengths in

the range between 410 and 680 nm was carried out with an

OPO laser (OPOTEK Vibrant 355 II). A conversion of

approximately 100% could be achieved at 40 K after

10 min of illumination. This temperature was chosen since

complete conversion took place faster than at higher tem-

peratures. The laser repetition rate was 10 Hz. The total

energy of the excitation light was measured with a cali-

brated power meter. The excitation energy was chosen so

that the number of photons was the same for all selected

wavelengths and corresponded to the number of photons

present with excitation light at 630 nm and 1.5 mJ pulse-1

total energy. The excitation energy at an arbitrary wave-

length k can be calculated according to the equation

PðkÞ ¼ Pð630Þ � 630

k
:

Samples of 15 lL were placed between sapphire

windows (80-lm path length) and inserted in the cryostat

at low temperatures. Measurements at room temperature

were carried out in a 50 lL transmission cell equipped with

calcium fluoride (CaF2) windows with 1 cm-1 resolution.

The temperature was regulated and kept at the desired

value with the help of a thermostat (RML, LAUDA). In an

FTIR spectrometer light from a low output power He–Ne

laser (k = 633 nm, red light) passes through the sample

compartment and monitors the position of the moving

mirror. In some cases an anti-reflection coated germanium

filter was placed between the sample and the inter-

ferometer. This filter serves to shield the sample from the

He–Ne laser and its transmission is greater than 80%

between 5,000 and 500 cm-1. Usually it is omitted so as to

increase the sensitivity of the infrared measurements. Data

were collected and baseline corrected using the OPUS software

package (Bruker). Kinetic data fitting was performed using

MATLAB 7.0.

EPR spectroscopy

EPR measurements were carried out with a Bruker ESP-

300 continuous wave X-band spectrometer equipped with

an Oxford Instruments helium flow cryostat and an ITC

503 temperature controller.

Results

Room temperature FTIR measurements

Figure 3a shows the FTIR spectrum of the aerobically

isolated [NiFe] hydrogenase from D. vulgaris Miyazaki F

at 297 K (24 �C). In this spectrum we identified the bands

corresponding to the Ni-A, Ni-B and Ni-SIr states. The

vibrational frequencies corresponding to these states

as well as of all the redox intermediate states present in

D. vulgaris are summarized in Table 1. These values are

similar to the ones reported previously for D. vulgaris, with

the exception of those for the Ni-SU state [25], which has

been now accurately resolved and for which the data are

now in agreement with data reported for other known

hydrogenases [31]. All other EPR-silent states which do

not correspond to known redox intermediates will be

denoted with their CO vibration frequencies as a subscript.

The bands in the region from 2,000 to 1,900 cm-1 are

associated with the CO vibrations of three different states

1230 J Biol Inorg Chem (2009) 14:1227–1241
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(i.e. Ni-A at 1,956 cm-1, Ni-B at 1,955 cm-1 and Ni-SIr at

1,922 cm-1 [25]). The bands in the region from 2,100 to

2,050 cm-1 are associated with the CN- stretching vibra-

tions (two per state). The high frequency absorption band is

assigned to the in-phase (symmetric) vibration of the CN-

ligands and the low frequency absorption band is assigned

to the out-of-phase (asymmetric) vibration. Those bands

corresponding to Ni-A, Ni-B and Ni-SIr are well resolved

(Fig. 3a; Table 1). An additional CO band at 1,964 cm-1

was observed in all sample preparations. The intensity of

this CO band did not increase in preparations with different

pH, whereas the CN- stretching vibrations that are prob-

ably related to such a state (Ni-S1964, EPR-silent) could not

be resolved. However, it can be electrochemically reduced

and reoxidized. The reoxidized fraction was significantly

smaller (approximately 40% of the initial intensity).

Additional states in the as-isolated enzyme preparations

have also been observed in Allochromatium (A.) vinosum

[24], where they were attributed to completely inactive

species or states that carry a sulphur-based ligand [24].

This state in the case of D. vulgaris is presumably an

oxygen-inhibited state, conformationally different from the

Ni-SIr as a result of the purification procedure. From the

apparent integrated intensities of these peaks and assuming

equal absorption coefficients, we estimated that 80% of the

sample contains a mixture of the paramagnetic Ni-A and

Ni-B states (approximately 30% Ni-A and 50% Ni-B). The

rest of the sample (approximately 20%) contains mostly the

Ni-SIr state and to a lesser extent the Ni-S1964 state.

Low temperature FTIR measurements

Figure 3b shows the FTIR spectrum of the aerobically

isolated [NiFe] hydrogenase from D. vulgaris Miyazaki F

at 95 K. The positions of the absorption bands at low

temperatures are shifted by 0–5 cm-1 in comparison with

those obtained at room temperature (297 K; Table 1). This

is a general property of the stretching bands observed in

infrared and Raman spectroscopies [43] and is related to

the restricted vibrational freedom of the oscillators.

Figure 3c shows an FTIR difference spectrum (light-

minus-dark). This spectrum shows only the bands of the

light-sensitive states (educts, negative absorption bands)

and those of the light-induced states (products, positive

absorption bands). The negative CO bands observed in the

spectrum correspond to Ni-SIr (1,922 cm-1) and to a new

state named Ni-SI1961 in this work (denoted by its CO

stretching vibration at 1,961 cm-1). As a product we

observed only one positive CO band (1,968 cm-1), which

was associated with a new light-induced state (named

Ni-SL) (Fig. 3c). The infrared spectra show that both Ni-SIr

and Ni-SI1961 convert to a light-induced product state (i.e.

Ni-SL). However, it is not possible at this point to affirm

whether Ni-SI1961 is present in the initial dark spectrum

(Fig. 3b). The presence of this band and its possible

involvement in the photochemical processes observed will

be described later in this work. The light sensitivity

observed by FTIR spectroscopy in the aerobically isolated

sample was also monitored by EPR spectroscopy (X-band,

approximately 9.4 GHz). No new EPR signals were

observed upon illumination (data not shown). This suggests

that the light-induced Ni-SL state is EPR-silent (Ni2?).

Fig. 3 Fourier transform infrared (FTIR) spectra of the aerobically

isolated [NiFe] hydrogenase from D. vulgaris Miyazaki F, at 297 K

(a) and 95 K (b). Light-minus-dark difference spectrum at 95 K (c)

and after dark adaptation and reillumination (d). Ni-SIr and Ni-SI1961

are the dark educts (negative bands), which upon illumination convert

to the Ni-SL product state (positive bands). The vibrational frequen-

cies for the CO and CN- stretching vibrations are given on all spectra

(see Table 1). The y-axis represents the infrared absorbance

J Biol Inorg Chem (2009) 14:1227–1241 1231
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In addition, Fig. 3c shows a small negative CO band at

1,957 cm-1, which is associated with the fully oxidized

enzyme (i.e. Ni-A, Ni-B), and the corresponding positive

CO band (product state) at 1,975 cm-1. This indicates that

a small fraction of the oxidized enzyme is also light-sen-

sitive. This effect was not reversible, when irradiation was

performed with white light. Therefore, it might be related

to a form of photodegradation. Quantification based on the

integrated intensity of these peaks shows that this corre-

sponds to 4% (±2%) of the initial amount of oxidized

states. Similar light effects at cryogenic temperatures have

previously been observed in the cyanobacterial-like uptake

hydrogenase from Acidithiobacillus ferrooxidans [44].

Figure 3d shows the light-minus-dark difference spec-

trum after dark adaptation and reillumination of the sam-

ple. Since the small effect on the fully oxidized enzyme

was not reversible (when illumination was performed with

white light),2 the corresponding bands (educts and prod-

ucts) do not appear in this spectrum. A similar light-minus-

dark difference spectrum as for the aerobically isolated

enzyme was also obtained for hydrogenase samples par-

tially reduced with H2 (data not shown), in which the

amount of Ni-SIr was approximately 90%.

Light conversion as a function of the illumination time

The light sensitivity of the Ni-SIr state is clearly observed

in the FTIR spectra, in which this state is shown to convert

to the product state Ni-SL (Fig. 3c, d). However, the

appearance of Ni-SI1961 was unexpected. The question

arises as to whether this state was already present in the as-

isolated sample or whether it is somehow related to the

photochemistry observed. Figure 4a shows the process for

the light-induced conversion of Ni-SIr to Ni-SL. The three-

dimensional spectrum was obtained by measuring the light-

minus-dark difference spectra at different illumination

intervals (from 15 to 300 s) at 75 K. Upon illumination

there is a fast conversion from Ni-SIr to Ni-SI1961 and

simultaneously, as the illumination time increases, both

Ni-SIr and Ni-SI1961 convert to Ni-SL.

Figure 4b shows the light-minus-dark difference spec-

trum after 15 s of illumination at 75 K. The negative CO

peak at 1,922 cm-1 corresponds to the dark educt (Ni-SIr).

The two positive CO bands correspond to the light products

Ni-SI1961 and Ni-SL. The peak at 1,961 cm-1 is of higher

intensity, clearly showing that Ni-SIr converts initially to

Ni-SI1961. The vibrational frequencies of the conjugate

CN- corresponding to Ni-SI1961 (2,086 and 2,067 cm-1)

could be identified from this spectrum (Table 1). Figure 4b

also shows the light-minus-dark difference spectrum after

300 s of illumination at 75 K, in which only the Ni-SL

state is observed as the final light product.

Figure 4c shows the time-dependent forward conversion

of the three states; transient rise/decay of Ni-SI1961, for-

mation of Ni-SL and disappearance of Ni-SIr. These curves

were obtained from the apparent integrated intensity of the

respective CO bands. The time axis represents illumination

time in seconds. The decrease of Ni-SI1961 to negative

values shows that a small fraction of Ni-SIr converted to

the Ni-SI1961 state, already in the absence of an external

light source (dark conditions). This partial conversion was

Table 1 Stretching vibrations of the CO and CN- ligands for the different states of the [NiFe] hydrogenase from Desulfovibrio vulgaris
Miyazaki F measured in this work, at 297 and 95 K

States IR frequencies

T = 297 K T = 95 K

~mCO (cm-1) ~mCN (asym) (cm-1) ~mCN (sym) (cm-1) ~mCO (ext) (cm-1) ~mCO (cm-1) ~mCN(asym) (cm-1) ~mCN(sym) (cm-1) ~mCO(ext) (cm-1)

Ni-B 1,955 2,081 2,090 – 1,957 2,082 2,092 –

Ni-A 1,956 2,085 2,094 – 1,957 2,087 2,098 –

Ni-SU 1,958 2,089 2,100 – – – – –

Ni-SIr 1,922 2,060 2,070 – 1,922 2,061 2,071 –

Ni-SIa
a 1,943 2,074 2,086 – 1,946 2,077 2,090 –

Ni-Ca,b 1,961 2,074 2,085 – 1,963 2,076 2,088 –

Ni-Lb Not observed – 1,911 2,048 2,063 –

N-SL Not observed – 1,968 2,076 2,090 –

Ni-SI1961 Not observed – 1,961 2,067 2,086 –

Ni-SCO 1,941 2,071 2,084 2,056 1,941 2,072 2,086 2,061

a The values for Ni-SIa, Ni-C (T = 297 K) were taken from Reference [25]
b The values for Ni-C/Ni-L (T = 95 K) were taken from the work of [47]

2 These light effects were reversible when illumination was per-

formed with monochromatic light (laser illumination).
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due to the spectrometer-integrated He–Ne laser (k =

633 nm, see ‘‘Materials and methods’’). The Ni-SI1961 state

is suggested to be a local minimum in the potential surface

of the transition from Ni-SIr to its final product Ni-SL.

Kinetic measurements and isotope (H/D) exchange

effect

Figure 5a depicts the recovery of the absorption bands in

the light-minus-dark difference FTIR spectrum at 95 K.

Continuous illumination was carried out for 5 min as

described in ‘‘Materials and methods’’. The first slice of the

three-dimensional spectrum corresponds to t = 0, when the

light source was switched off (maximum light-minus-dark

difference) and the subsequent slices show how the FTIR

absorption bands disappear/recover in the dark (Ni-SL,

Ni-SIr and Ni-SI1961). The light-induced effects associated

with these states are fully reversible. During back con-

version there is no transient increase of the Ni-SI1961 state,

which indicates that only Ni-SL to Ni-SIr/Ni-SI1961 con-

version and vice versa can be observed at temperatures of

80 K and above. The transition from Ni-SL to Ni-SIr pre-

sumably still occurs via the Ni-SI1961 state, but under these

conditions is too fast to be resolved.

Figure 5b shows the kinetics during dark adaptation of

the educt and product states after 5 min of continuous

illumination at 95 K. Assuming a single-exponential

decay/increase of the signals, we estimated the corre-

sponding rate constants. The Ni-SI1961 state recovers 1.5

times faster than the Ni-SIr state. The kinetics of the dis-

appearance of Ni-SL has values intermediate between

those for the recovery kinetics observed for Ni-SIr and

Ni-SI1961. The rate constants exhibited a temperature

dependence, which shows that the light-induced processes

are associated with an activation energy barrier (Ea).

Figure 5c shows the temperature dependence of the

measured rate constants corresponding to the decay of the

Ni-SL state in the temperature range between 90 and

110 K. Similar plots were obtained for the Ni-SIr and

Ni-SI1961 states (see the electronic supplementary material).

The activation energies for Ni-SIr, Ni-SI1961 and Ni-SL

were obtained from the linear behaviour of the temperature

dependence of all rate constants using the Arrhenius

equation (see ‘‘Materials and methods’’). Similar activation

energies were obtained within the error for the Ni-SIr,

Ni-SI1961 and Ni-SL states (Table 2).

To study a possible isotope effect on the rate constants,

samples were prepared in which the potential third bridging

ligand (e.g. OH-) [4, 5, 24] was exchanged with its deu-

terated form (OD-). The activation energies for the isoto-

pically (H/D) exchanged samples were also determined

from the Arrhenius dependence of the kinetic rates. The

Fig. 4 FTIR light-minus-dark difference spectra recorded at 75 K for

different irradiation times. a Three-dimensional representation of the

photoconversion of the Ni-SIr state (1,922 cm-1) to Ni-SI1961 and

Ni-SL using white light as a function of the illumination time. b Slices of

the three-dimensional representation after 15 and 300 s of illumination

illustrating Ni-SI1961 as an intermediate in the reaction sequence. c Time

evolution of the light product and educt states as function of illumination

time. The y-axes represent the infrared absorbance
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results showed slightly larger activation energies for the

samples containing the deuterated form of this ligand

(Table 2 and electronic supplementary material).

Reversible light effects in the presence of CO

In the light-induced process of conversion from Ni-SIr to

Ni-SL, the fate of the oxygen-based bridging ligand is not

clear. This ligand is either completely dissociated from the

active site or displaced towards nickel, presumably as a

consequence of loss of its bond to iron (as reflected by the

shift of the infrared frequencies, see ‘‘Discussion’’). It is

known from extensive stopped-flow studies on A. vinosum

[20, 29, 40] that the oxidized states Ni-A, Ni-B and Ni-SIr

are not CO-sensitive. However, Ni-SIa and Ni-L are CO-

sensitive, allowing the binding of CO to the active site

(Fig. 2). This suggests that for CO binding to take place,

the bridging ligand must be absent [38]. In the case of

complete dissociation of the bridging ligand, dark adapta-

tion of the Ni-SL in the presence of CO would lead to

formation of a CO-inhibited state, whereas in the case of its

displacement towards nickel this ligand would still block

the entrance to the active site, precluding binding of CO.

An experiment was thus designed in which the solution of

reduced hydrogenase (approximately -300 mV, vs the

normal hydrogen electrode), containing mainly the Ni-SIr

and Ni-SIa states, was saturated with CO.

A high yield of the Ni-SCO state (approximately 80%)

was obtained, with the rest of the hydrogenase molecules

being in the Ni-SIr state. Illumination with white light at

40 K simultaneously converted Ni-SCO to Ni-SIa, as

described earlier [26], and Ni-SIr to Ni-SL. After dark

adaptation at higher temperatures no decrease in the

intensity of the Ni-SIr band was observed within error (data

not shown). This shows that exogenous CO does not have

the affinity to bind to the active site in the Ni-SL state.

Wavelength dependence of the Ni-SIr light sensitivity

The transition from Ni-SIr to the Ni-SI1961 and Ni-SL states

was also studied as a function of the excitation wavelength

of the incident light. The results (i.e. the ‘action spectrum’)

at 40 K are depicted in Fig. 6. This action spectrum

describes the overall efficiency of the irradiation at a spe-

cific wavelength for the photochemical conversion (i.e.

percentage) from Ni-SIr to Ni-SL to occur. Two local

maxima, at 490 and 600 nm, were observed, which can be

associated with nickel-centred electronic transitions (see

‘‘Discussion’’).

Fig. 5 Time dependence of the recovery of the Ni-SIr and Ni-SI1961

states and the decay of the Ni-SL state at 95 K directly after

switching off the light. a Three-dimensional representation of the

FTIR light-minus-dark difference rapid scan spectrum. b Decay

kinetics of Ni-SL (1,968 cm-1, s = 1,394 s) and recovery kinetics of

Ni-SIr (1,922 cm-1, s = 2,203 s) and Ni-SI1961 (1,961 cm-1,

s = 1,305 s). The y-axis represents the infrared absorbance. c
Temperature dependence (in the range between 90 and 110 K) of

the decay rate constants for the Ni-SL state (Arrhenius plot)

Table 2 Activation energies for the recovery of the Ni-SIr and Ni-

SI1961 states and for the decay of Ni-SL, obtained from the temper-

ature dependence of the rate constants (see text)

State Activation energy Ea (kJ mol-1)

H2O D2O

Ni-SIr 18.9 ± 1.4 20.3 ± 0.8

Ni-SI1961 17.6 ± 1.5 19.8 ± 1.1

Ni-SL 18.5 ± 0.8 20.6 ± 0.7
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In addition, the wavelength dependence of the transient

appearance of the Ni-SI1961 state was studied at 75 K,

because at temperatures below 60 K the lifetime of this

state was too short for it to be observed as an interme-

diate in the forward light conversion. Figure 7 shows the

development of light-minus-dark difference spectra as a

function of the irradiation time at three selected wave-

lengths. For irradiation at 630 nm (red light), the Ni-SIr

state rapidly converts first to the transient Ni-SI1961 state

and to a smaller extent to the Ni-SL state. Subsequently,

Ni-SI1961 is depleted and Ni-SL is populated. The Ni-

SI1961 state can therefore be considered as a true inter-

mediate state in this reaction. For irradiation at 520 nm

(green light), light transition from Ni-SIr to Ni-SI1961

takes place to a much smaller extent, and both states

convert to Ni-SL. It can be seen that the CO band cor-

responding to Ni-SI1961 becomes positive but decreases to

negative values, as a small fraction of this state is already

present under dark conditions. For irradiation at 410 nm

(violet light), the spectrum is depicted as a dark-minus-

light spectrum to better illustrate the observed processes.

Illumination at this wavelength shows that in this transi-

tion the Ni-SI1961 state could not be resolved as an

intermediate of the photoreaction. These results demon-

strate that the conversion of Ni-SIr to Ni-SI1961 and

subsequently to Ni-SL is strongly temperature and

wavelength dependent.

Figure 8 shows that for the Ni-SL state, depending on

the excitation wavelength, the stretching modes for the

coupled CN- ligands were shifted, but the frequency of the

CO band remained the same. For irradiation with red light

(Fig. 8a) the coupled CN- of Ni-SL are observed at 2,075

and 2,084 cm-1, whereas for irradiation at 410 nm

(Fig. 8b) four overlapping CN- bands are present in the

spectra, corresponding to a conjugate CN- pair with fre-

quencies of 2,075 and 2,084 cm-1 and to a second pair of

coupled stretching vibrations with frequencies of 2,076

and 2,090 cm-1. If illumination is carried out with

white light (halogen lamp; Fig. 8c) only the pair with

stretching vibrations at 2,076 and 2,090 cm-1 is observed.

In all cases, the CO absorption band appears at the same

frequency (1,968 cm-1). The invariance of the CO

band upon wavelength-dependent illumination precludes a

change of the electron density at the iron between these two

light-induced forms of Ni-SL, as this would lead to a shift

of all three stretching bands (CO and CN-). The temper-

ature and wavelength dependence of only the CN- modes

therefore indicates a change of the hydrogen bonding

with the surrounding amino acids, as described in

‘‘Discussion’’.

Discussion

Light-associated effects on the structure of Ni-SIr

The silent ready state Ni-SIr in the [NiFe] hydrogenases

represents the link between the fully oxidized and the

reduced active enzyme. However, to date the character-

ization of this state has been rather elusive owing to its

inaccessibility to EPR studies and the difficulty to create

pure states for other structural investigations [45]. In this

work possible structural and electronic properties of Ni-SIr

are discussed on the basis of its light sensitivity.

The infrared spectrum of the aerobically isolated

enzyme from D. vulgaris consists mainly of bands corre-

sponding to Ni-A, Ni-B and Ni-SIr. An additional band

at 1,964 cm-1 was ascribed to a non-identified state

(Ni-SI1964), which presumably originates from the enzyme

purification procedure. The Ni-A and Ni-B states (Ni3?)

exhibited a small light sensitivity (i.e. 4 ± 2% of their

overall intensity; Fig. 3c). This shows that the bridging

ligand present in these oxidized states—hydroxide (OH-)

in Ni-B [4, 21] and the proposed hydroperoxide (OOH-)

in Ni-A [13, 14]—is thus quite tightly bound to the

Ni3? – Fe2? centre.

On the other hand, upon illumination at cryogenic

temperatures (T B 110 K), Ni-SIr was shown to convert to

a new light-induced state (Ni-SL). Our experiments

showed that this light-induced transition involves an

intermediate transient state (Ni-SI1961), which was best

detected in the temperature range between 60 and 80 K

(Fig. 4). EPR spectroscopy showed that Ni-SL is EPR-

silent, indicating that the photochemical process is not

related to a change in the oxidation state of nickel, which

remains divalent (d8, Ni2?). The light-induced process was

fully reversible.

The CO and CN- stretching bands corresponding to the

Ni-SL state are all shifted to higher wavenumbers as

Fig. 6 Photoconversion (%) of the Ni-SIr state as a function of the

irradiation wavelength (k) at 40 K. The resulting ‘action spectrum’

shows local maxima at 490 and 600 nm, which can be associated with

nickel-centred d–d transitions upon light excitation
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compared with those of Ni-SIr (Fig. 3, Table 1). This

correlates with a decrease in the electron density at the iron

[46] in the light-induced state (Ni-SL). Since all the pho-

tochemical properties observed so far in the [NiFe]

hydrogenases are associated with dissociation of a non-

protein ligand bound to the active site [26, 32, 38], this

effect can, in principle, be associated with the removal or

displacement of a negatively charged ligand. Since the

Fe2? ion is strongly coordinated to r- and p-ligands (two

CN- and one CO) and to the sulphurs from Cys84 and

Cys549 residues (Fig. 1), the most likely candidate is the

bridging hydroxide.

A shift towards higher vibrational frequencies has also

been observed during the light-induced transition from

Ni-SCO to Ni-SIa [26], which is associated with the dis-

sociation of the extrinsic CO. However, in the photocon-

version from Ni-C to Ni-L [46, 47], a shift towards lower

wavenumbers was observed. To explain the difference in

the direction of the shift, it has been proposed that the

dissociation of H- is followed by the protonation of a

coordinating cysteinyl ligand, which would affect the

electron density at the Fe2? ion in a different way.

The question arising now is whether the OH- ligand

remains bound to nickel in the Ni-SL state. To answer this

question, additional experiments in the presence of CO

were performed (see ‘‘Results’’). The results showed that

CO does not bind to the active site in the Ni-SL state. This

indicates that the active site remains blocked by the OH-

ligand, thus precluding the binding of CO.

On the basis of these observations and the detected shift

in the stretching vibrations, we propose that the light-

induced transition from Ni-SIr to Ni-SL involves opening

of the OH- bridge as depicted in Scheme 1. This dis-

placement of the OH- ligand is facilitated by the weak-

ening of the OH- binding to the more electron-rich Ni2?

with respect to the Ni3? centre in the fully oxidized

enzyme (i.e. Ni-B). The shift in the vibrational bands

observed for Ni-SI1961 is smaller than that observed for

Ni-SL. Thus, the intermediate state might represent a structure

in which the OH- ligand is far less dislocated from the

Fig. 7 The forward

photoconversion of the Ni-SIr

state to the product states

Ni-SI1961 and Ni-SL upon

irradiation at three selected

wavelengths: 630 nm (a, b),

520 nm (c, d) and 410 nm (e, f)
at 75 K. The three-dimensional

spectra (a, c, e) and plots of the

time-dependent kinetics of the

appearance/disappearance of the

product/educt states are given as

function of time (b, d, f). In e
the three-dimensional spectrum

has been inverted (educt/

product states as positive/

negative signals, respectively),

to better visualize the

disappearance of the Ni-SI1961

state. The y-axes represent the

infrared absorbance
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iron. The absolute intensity of the CN- bands with respect

to the CO band between Ni-SI1961 and Ni-SL is different,

which might also indicate a change in the hydrogen bonds

with the nearby amino acids [48].

The temperature dependence of the kinetic rates corre-

sponding to the back-conversion processes (Ni-SL ? Ni-

SIr, Ni-SL ? Ni-SI1961) provided the activation energies

(Ea), a measure of the energy required to overcome the

barrier for the transition from the photoproduct (Ni-SL) to

the initial state(s). Even though the recovery rates corre-

sponding to Ni-SIr and Ni-SI1961 are different (Fig. 5b), the

activation energies are very similar (Table 2). Furthermore,

the (H/D) isotope effect on the recovery kinetic rates was

studied (Table 2). The magnitude of the isotope effect in

our experiments (kinetic isotope effect of 0.6–1.4, see the

electronic supplementary material) was too small to be

related to the dissociation of a single hydron species [49],3

as observed for the Ni-C to Ni-L transition [47]. This result

therefore suggests that the light-induced effect is not rela-

ted to a (de)protonation of a coordinating cysteine [30] or a

release of a hydron located in the active site [50]. Thus, the

(H/D) isotope effect observed in this work can be better

explained considering the dislocation of an oxygen-based

species [5, 14, 51] that has the potential to be deuterated

(e.g. OH-).

The small increase in mass introduced by the isotope

labelling (e.g. OD-) is expected to affect slightly the val-

ues of the kinetic rates. This is in agreement with our

results, supports the proposed reaction shown in Scheme 1

and further rules out processes involving a (de)protonation

of a coordinating cysteine [30] or the release of a hydron

located in the active site [50].

The activation barrier for the transition of Ni-SL to

Ni-SIr and Ni-SL to Ni-SI1961 was found to be 18–

19 kJ mol-1. Such a value lies well within the range of

energies corresponding to related hydrogen bonds (15–

40 kJ mol-1) [52]. This would mean that back conversion

from Ni-SL to the Ni-SIr/Ni-SI1961 states could involve the

breaking of a hydrogen bond to surrounding amino acids.

From the crystal structure of the Ni-B state it can be

deduced that the OH- ligand at the nickel might be in a

favourable position to form a hydrogen bond to Arg479

(see below).

Wavelength dependence of the Ni-SIr photoconversion

It was found that light excitation of Ni-SIr is described by a

broad absorption in the visible region between 410 and

680 nm (Fig. 6). In this ‘action spectrum’ two local max-

ima were observed, at 490 and 600 nm. Optical studies on

Ni2? complexes with sulphur-based ligands [53, 54]

showed bands in MCD spectra close to these values, which

were associated with d–d transitions of the Ni d8 ion. It can

thus be assumed that in the case of Ni-SIr the action

spectrum shows that the photochemical process is associ-

ated with electronic excited states of the nickel ion.

Although Ni-L-edge X-ray absorption spectroscopy cannot

clearly discern whether the nickel ion in Ni-SIr is in a low-

spin (S = 0) or a high-spin (S = 1) configuration [36],

theoretical data [37] indicate a low-spin Ni2?. The light-

induced electronic transitions (Fig. 6) could involve a

change in the spin state of nickel from a low-spin (d8,

S = 0) to a high-spin (d8, S = 1) configuration as a result

of the redistribution of the electronic charge in the

d orbitals of the metal. Such light-induced spin crossover

transitions have been shown to involve a ligand rear-

rangement [55]. A change from low-spin to high-spin could

in turn trigger a structural change of the ligand sphere,

effectively leading to the observed opening of the bridge of

the NiFe centre.

Fig. 8 FTIR light-minus-dark difference spectra for incident irradi-

ation with a red light (630 nm), b violet light (410 nm) and c white

light (halogen lamp) at 40 K. Note that depending on the colour of the

light, the Ni-SL state shows different pairs of conjugate CN-

stretching vibrations, as indicated with dashed lines (see the text)

3 In such a case the kinetic isotope effect should be between 5 and 7

[49].
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At 40 K and at all excitation wavelengths, Ni-SI1961 was

not observed as an intermediate in the forward transition of

Ni-SIr to Ni-SL. At higher temperatures, however (e.g. in

the range 60 K \ T \ 80 K) the wavelength-dependent

forward photoconversion of Ni-SIr involved the Ni-SI1961

state as a detectable intermediate (Ni-SIr ? Ni-SI1961 ?
Ni-SL) (Fig. 7). The amount of the light-induced Ni-SI1961

species depended greatly on the excitation wavelength,

being maximal in the red (above 600 nm). However, since

the optical transitions of the Ni2?–Fe2? site are not known,

it is difficult at present to elucidate a mechanism for the

light-triggered evolution of the different states observed in

our experiments.

Hydrogen-bonding network in the active-site

surroundings

The putative hydrogen bonds between the active centre of

the [NiFe] hydrogenase from D. vulgaris Miyazaki F and

the surrounding amino acids are shown in Fig. 9. The

formation of a hydrogen bond between the sulphur of the

bridging Cys549 and His88 is well established and has

been studied for different states [56–58]. In addition, each

of the CN- ligands at the iron can potentially form up to

two hydrogen bonds, as indicated in Fig. 9, whereas the

CO ligand is surrounded by more hydrophobic residues and

is thus not hydrogen-bonded. It is well known that the

environment of such iron ligands greatly affects the redox

properties of the central metal [59, 60].

Among the amino acids in the surroundings of the active

site, an arginine residue (Arg479) is located very close to

the bridging OH- ligand (Fig. 9). This arginine is highly

conserved among the various hydrogenases and is believed

to be protonated and positively charged [61]. It is hydro-

gen-bonded to one of the CN- ligands and to two nega-

tively charged aspartates (Asp123, Asp544). The light-

induced transition from Ni-SIr to Ni-SL is proposed to

involve a displacement of the OH- ligand to a position

closer to nickel (Scheme 1). Since Arg479 is considered to

be protonated (pKa * 12), this ligand rearrangement

would result in a hydrogen bond between the oxygen of the

OH- and the NH of Arg479 (see Fig. 9), with an O–N

distance in the range 3.0–3.4 Å. It can be speculated that

the intermediate Ni-SI1961 in the reaction sequence repre-

sents a pathway species with an opened OH- bridge that

has no—or weaker—hydrogen-bond interactions with the

surroundings compared with the final Ni-SL state.

In the same figure the putative hydrogen bonds between

the CN- ligands and the amino acid residues Arg479 and

Ser502 as well as with the backbone NH of the two pro-

lines4 are shown. The vibrational frequencies of these

ligands depend, therefore, not only on the electron density

at the iron but also on the strength of the hydrogen-bonding

network [62]. In our experiments the stretching vibrations

of the CN- in Ni-SL were observed to be affected by the

wavelength of the exciting light (Fig. 8). On the other

hand, the respective ~mCO were not sensitive to the colour of

the monochromatic irradiation. Since the CN- ligands—

but not the CO—are hydrogen-bonded to surrounding

amino acids, it can be assumed that a change in the

hydrogen-bonding network is responsible for this obser-

vation. In support of our experiments, a shift in the infrared

frequencies only of the CN- was observed in a study where

the serine residue (Ser502 in D. vulgaris, Ser499 in

D. fructosovorans) was mutated to an alanine [48], which

is incapable of forming a hydrogen bond.

Figure 8a shows that at 40 K illumination with red light

shifts the CN- bands to lower frequencies compared with

illumination with white light (Fig. 8c). Such a shift to

lower values indicates a weakening of the hydrogen-

bonding [62–64] interactions of these ligands with the

surrounding amino acid residues. Illumination with violet

light (410 nm; Fig. 8b), on the other hand, resulted in the

simultaneous appearance of two pairs of vibrationally

coupled CN-. This observation is important as it shows

that transition from one form of Ni-SL (red-light-induced

spectrum) to the second form (white-light-induced spec-

trum) is characterized by distinct electronic levels. In

coordination chemistry there are examples of iron com-

pounds, ligated by cyanides and nitrosyls, where light-

induced isomers of the diatomic ligands can be observed at

Scheme 1 Light-induced

transition from the Ni-SIr state

to the Ni-SL state involving

opening of the hydroxide bridge

4 Hydrogen bonds with the backbone of Pro478 and Pro501 are

considered less likely as mutation experiments have shown that

substitution of Pro478 with alanine had no effect on the infrared

spectra [49].
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low temperatures. In such light-induced ‘linkage isomers’

(metastable states) the metal is coordinated (e.g. in ni-

trosyls) by the oxygen instead of the nitrogen [65, 66]. It

might be speculated that in the case of hydrogenase, an Fe–

N–C linkage could be realised [67, 68] upon increasing the

irradiation wavelength and decreasing the temperature

(T B 40 K). This would result in the loss of the hydrogen

bond(s) to the amino acid residues and the concomitant

shift of the CN- vibrations towards lower frequencies [48],

as observed in our experiments. Such a situation, however,

is purely hypothetical as it is not known whether it is

possible for it to occur in a protein environment.

In addition, the CN- vibrations shift in the same

direction, but the magnitudes and intensities are different

(Fig. 8). This indicates a change in the coupling between

the CN- oscillators, which, however, remain conjugated.

From these results and the invariance of the CO frequency

band between these two Ni-SL forms, it becomes evident

that changing the irradiation wavelength affects only the

CN- stretching vibrations, i.e. the hydrogen-bonding

interactions, and not the electron density at the iron. The

existence of the surrounding hydrogen-bonding network

and/or electrostatic interactions is therefore important for

stabilizing and ‘tuning’ the active-site conformation.

Summary and conclusions

The FTIR data presented in this work provided an effective

means to characterize the active site of Ni-SIr. Conforma-

tional changes upon exposing Ni-SIr to light (T B 110 K) are

observed by the appearance of new product states. These

changes consist of a structural rearrangement of the nega-

tively charged hydroxide ligand (OH-), proposed to ligate

the active site. The light-induced reorientation of the

oxygen-based species involves a transient intermediate

(Ni-SI1961) prior to reaching Ni-SL as the final steady state.

Such a displacement is facilitated by the weakening of the

OH- binding to the more electron rich Ni2?, in contrast to the

more oxidized Ni3? species. In support of this statement,

only a minor light sensitivity was observed for the Ni-A and

Ni-B states. On the basis of the X-ray diffraction data of the

Ni-B state, we propose that the position of the hydroxide in

Ni-SL can be stabilized by the formation of a hydrogen bond

to Arg479. From this position, the oxygen-based ligand is

still blocking access to the active site, as presumably it

remains coordinated to the nickel ion. This was presented by

the inability of extrinsic CO to bind to nickel. Therefore,

upon illumination the oxygenic ligand is spatially displaced

rather than fully dissociated. Wavelength-dependent irradi-

ation indeed showed nickel-centred electronic transitions,

which could involve a light-induced spin crossover from a

low-spin Ni2? (S = 0) to a high-spin Ni2? (S = 1). How-

ever, to uniquely assign these transitions, further MCD

measurements are needed. The hydrogen-bonding and/or

electrostatic interactions of the active site with the neigh-

bouring amino acid residues were shown to be modulated by

the colour of the monochromatic light. Spectral changes

associated only with the CN- and not with the CO preclude a

change in the iron electron density, as the CO has been shown

to be approximately 2–3 times more sensitive to electronic

changes than the cyanides [64]. We propose that the reason

for this ‘perturbation’ of the hydrogen-bonding network

around the CN- ligands as revealed in our experiments could

be caused by a light-induced isomerization. To prove this

assumption further experiments including labelling of the

intrinsic CN with 13C and 15N are required.

In the reactivation scheme, the oxygenic species has to

be released from the active centre for the enzyme to be

functional. From the results of the present study, we con-

clude that an oxygen-based ligand (i.e. OH-) is still bound

to the active site, which hinders the enzymatic activity. In

Ni-SIr the binding strength of this species is found to be

attenuated compared with that in Ni-A and Ni-B. Illumi-

nation of Ni-SIr with light at T B 110 K was adequate to

Fig. 9 Proposed structure of the active site of the [NiFe] hydrogenase

from D. vulgaris Miyazaki F in the Ni-SL state (based on the structure

of Ni-B; Protein Data Bank entry 1WUJ). The amino acid residues

His88, Arg479 and Ser502 and part (backbone) of Pro480 and Pro478

are shown. The putative hydrogen bonds to the direct ligands of the

NiFe complex are represented with dashed lines. Note that the

hydroxide bridge, present in Ni-SIr, has been opened in this structure

and the OH- ligand at the nickel is hydrogen-bonded to Arg479
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overcome the activation energy barrier for the displace-

ment of this ligand.
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