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ABSTRACT: The active site in the [NiFe] hydrogenase ofDesulfoVibrio Vulgaris Miyazaki F has been
investigated by Fourier transform infrared (FTIR) spectroscopy. Analysis of the spectra allowed the three
diatomic inorganic ligands to Fe in this enzyme to be identified as one CO molecule and two CN-

molecules. Furthermore, pH-dependent redox titrations were performed to determine the midpoint potentials
as well as the pK value of the respective reactions and revealed that each single-electron redox transition
is accompanied by a single-proton transfer step. The comparison of these spectra with those published for
other [NiFe] hydrogenases shows that the electronic structure of the active sites of these enzymes and
their redox processes are essentially the same. Nevertheless, differences with respect to the frequency of
the CO band and the pH dependence of the Ni-R states have been observed. Finally, the frequency shifts
of the bands in the IR spectra were interpreted with respect to the electronic configuration of the redox
intermediates in the catalytic cycle.

Hydrogenases are enzymes that catalyze the reversible
oxidation of molecular hydrogen. They occur in a wide
variety of microorganisms through all phylogenetic groups
and play an important role in the metabolism by supporting
the generation of a proton gradient across the cytoplasmic
membrane and/or by generating reducing equivalents which
are involved in metabolic processes (1). Hydrogenases are
divided into different classes according to the metal content
of the active site. Among those, the [NiFe] hydrogenases
form the largest class. The [NiFe] hydrogenase ofDe-
sulfoVibrio Vulgaris Miyazaki F, a sulfate-reducingδ-pro-
teobacterium, is a heterodimeric protein of 89 kDa (2) (see
Figure 1). Its structure has been resolved to high resolution
by X-ray crystallography in different redox states (2-5). The
small subunit contains three [FeS] clusters that are involved
in the electron transfer between the active site and the protein
surface. The active site is deeply buried in the large subunit
and contains one Ni atom and one Fe atom. The active site,
including the amino acid surrounding, is shown in Figure
1b. The Ni atom is coordinated by four sulfur atoms of four
cysteine residues. Two are terminally bound to Ni (Cys546
and Cys81), and the other two form a bridge between Ni
and Fe (Cys549 and Cys84) (2). Furthermore, the Fe is
ligated by three diatomic inorganic ligands. These ligands
were initially modeled as one CO molecule, one CN-

molecule, and one SO molecule in the X-ray structure (2),
which differs from the identification by infrared spectroscopy
of these ligands in the closely related hydrogenases of
DesulfoVibrio gigasandAllochromatiumVinosumwhere two
CN- molecules and one CO molecule were found (6). In a

more recent X-ray analysis of theD. Vulgaris Miyazaki F
enzyme, these molecules were found to be more compatible
with two CO molecules and one CN- molecule (5).

A third bridging position between Ni and Fe is present
which is occupied by different ligands during the catalytic
reaction. The intermediate states of the active center differ
in their redox and spectroscopic properties. In the most
oxidized form of the [NiFe] center, two redox states called
Ni-A (the “unready” state) and Ni-B (the “ready” state)
coexist . Both states are catalytically inactive and differ in
the time needed for activation (7). For Ni-B, the bridging
ligand has been identified by single-crystal EPR1 spectros-
copy as a OH- group (8-10). In case of Ni-A, a diatomic
oxygen species is proposed (5, 8, 11). The enzyme is
activated under reducing conditions and passes through the
Ni-SU, Ni-SI, Ni-C, and Ni-R states, where Ni-SU is the
one-electron-reduced state of Ni-A, Ni-SI is the one-electron-
reduced state of Ni-B, and Ni-C and Ni-R are the one- and
two-electron-reduced states of Ni-SI, respectively (12). In
the Ni-C state, the bridging ligand was shown to be a formal
hydride (H-) (9, 13, 14) which is supported by DFT
calculations (15-17). For the diamagnetic states Ni-SI and
Ni-R, direct spectroscopic evidence for the ligand’s identity
is lacking.

ForD. VulgarisMiyazaki F [NiFe] hydrogenase, the redox
states of the [NiFe] center have not been characterized by
FTIR spectroscopy. The most complete data sets for a [NiFe]
hydrogenase are available forA. Vinosum(18), D. gigas(12),
and DesulfoVibrio fructosoVorans (19). The FTIR spectra
show a characteristic set of three bands in a spectral region
between 1900 and 2200 cm-1, which stem from the three

† This work was supported by Max Planck Society and European
Union NEST-STREP RES 516510 (SOLAR-H).

* To whom correspondence should be addressed. E-mail: lubitz@
mpi-muelheim.mpg.de. Telephone:+49(0)208-3063614. Fax:+49-
(0)208-3063955.

1 Abbreviations: FTIR, Fourier transform infrared; EPR, electron
paramagnetic resonance; ENDOR, electron nuclear double resonance;
OTTLE, optically transparent thin layer electrochemical (cell); MV,
methyl viologen.

9706 Biochemistry2006,45, 9706-9716

10.1021/bi0602462 CCC: $33.50 © 2006 American Chemical Society
Published on Web 07/25/2006



inorganic ligands to Fe. By means of13C and15N isotope
labeling and a chemical analysis, these absorption bands were
assigned to one CO molecule and two CN- molecules (6,
20). Because the IR spectra ofD. gigas and D. fructoso-
Vorans[NiFe] hydrogenase look very similar to those ofA.
Vinosumhydrogenase, De Lacey et al. (12, 19) identified
the three diatomic Fe ligands found in the crystal structure
of these enzymes as one CO molecule and two CN-

molecules as well. For the [NiFe] hydrogenase ofD. Vulgaris
Miyazaki F, only one FTIR spectrum has been published
for the “as-isolated” state (a mixture of oxidized states Ni-A
and Ni-B) (21). It consists of five bands, three of which are
in the region of 2100-2050 cm-1 and two of which are in
the region of 1960-1900 cm-1. Though the spectrum
resembles those of the [NiFe] hydrogenases ofA. Vinosum,
D. gigas, andD. fructosoVorans, one of the inorganic ligands
was proposed to be a SO molecule (21).

In this work, we first address the question of the identity
of the Fe ligands in the [NiFe] hydrogenase ofD. Vulgaris
Miyazaki F by analyzing the FTIR spectra. We combine the
FTIR method with electrochemistry, which allows us to study
the FTIR spectra as a function of the potential applied to
the spectroelectrochemical cell. This method can be advan-
tageously used to optimize the presence of a particular redox
state and to determine the midpoint potential of the redox
transitions of the [NiFe] center (12, 18). By the analysis of

the pH dependence of the midpoint potentials, we were able
to determine the pK values of the different transitions, for
which it was found that each electronic transition is coupled
to the transfer of one proton. Moreover, the diamagnetic
EPR-silent states Ni-SU, Ni-SI, and Ni-R which are inac-
cessible to standard EPR spectroscopy have been investi-
gated. We compare the FTIR frequencies of the bands in
the spectra to those known for other [NiFe] hydrogenases
and examine the similarities and differences. Finally, conclu-
sions about the electronic configurations of the redox
intermediates are drawn on the basis of the observed shifts
of the vibrational frequencies of the Fe ligands.

EXPERIMENTAL PROCEDURES

Sample Preparation. D.Vulgaris Miyazaki F was culti-
vated in a 50 L steel fermenter for 2 days. The hydrogenase
was purified as described previously (22). Samples of 25
µL and 1.5 mM enzyme in 25 mM Tris-HCl and 100 mM
KCl at different pHs were prepared. The pH of the enzyme
solution was changed by first diluting the enzyme 10-fold
with an appropriate buffer and then concentrating it to the
starting volume using a Centricon YM50 concentrator
(Millipore). This procedure was repeated 10 times.

For the spectroelectrochemical experiments, the enzyme
was mixed with 10 different redox mediators to give a final

FIGURE 1: X-ray structure (resolution of 1.4 Å) of [NiFe] hydrogenase ofD. Vulgaris Miyazaki F in the reduced state [PDB entry 1H2R
(3)]. (a) Overview of the protein showing the two subunits, the [NiFe] active site, and the three [FeS] clusters. (b) Stereoview of the active
site including the amino acids which interact with the Fe ligands. Arg479 and Ser502 form H bonds to the CN- ligands, whereas the CO
ligand is connected to Pro501 and Thr87 via van der Waals interactions. Note that a third bridging ligand between Ni and Fe (oxygen- or
sulfur-based) is present in the oxidized enzyme (2) that is missing here in the reduced state of the hydrogenase.
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concentration of 125µM for each. The following redox
mediators were used (midpoint potentialsEm are given for
pH 7 and 25°C versus the normal hydrogen electrode):
dichlorophenolindophenol,Em ) 220 mV (Sigma); 1,2-
naphthoquinone,Em ) 145 mV (Sigma); phenazinemetho-
sulfate,Em ) 80 mV (Sigma); methylene blue,Em ) 13 mV
(Acros); indigo trisulfonate,Em ) -80 mV (Acros); indigo
disulfate, Em ) -125 mV (Acros); anthraquinone-2-sul-
fonate,Em ) -230 mV (Sigma); phenosafranin,Em ) -252
mV (Acros); neutral red,Em ) -325 mV (Merck); and
methyl viologen,Em ) -448 mV (Acros).

To optimize the Ni-A and Ni-SU states, the enzyme
solution containing the redox mediators was pretreated in a
gastight glass vessel as follows. The hydrogenase was added
to an open Eppendorf tube into which a small magnetic
stirring bar was introduced. The Eppendorf tube was inserted
into the glass vessel containing 1 mL of buffer, and the glass
vessel was closed with a gastight rubber stopper fixed by an
aluminum ring. The enzyme was stirred gently and activated
for 10 min at 37°C with 100% H2 gas, which was led into
the glass vessel via a thin needle after evacuation of the
vessel with a membrane pump. The hydrogen was then
exchanged against CO by first removing the hydrogen by
evacuation and then flushing the glass vessel with CO gas.
The enzyme was incubated in a CO atmosphere for 10 min
at room temperature. Finally, the hydrogenase was oxidized
by removing the CO from the glass vessel and allowing air
slowly to diffuse into the vessel via a thin needle. The
oxidation was performed for 3 min at room temperature, and
then the solution was stored on ice (10-15 min), until it
was added to the spectroelectrochemical cell for measure-
ment. This procedure has the drawback in that∼40% of the
protein is lost. The optimum pH value at which the largest
amount of Ni-A/Ni-SU was obtained was 6.0.

All other states were generated electrochemically by first
reducing the enzyme for 30 min at-500 mV. Then the
optimum potential for the respective redox states was applied.

FTIR Spectroscopy. The experiments were performed on
a Bruker IFS 66v/S FTIR spectrometer equipped with a
HgCdTe (MCT) detector (Kolmar technologies). The sample
chamber was flushed with dry air to minimize the contribu-
tion of water vapor. The spectral resolution was 2 cm-1; the
spectra were obtained at a scanner velocity of 20 kHz. Each
spectrum was recorded in 5 min (200 scans). The optical
path length of the FTIR cell is 8.5µm (thickness of the gold
mesh working electrode).

FTIR Spectroelectrochemistry. Enzyme solutions were
subjected to different applied potentials using an optically
transparent thin-layer electrochemical (OTTLE) cell with two
CaF2 windows as described by Moss et al. (23). The cell
allows the electrochemical modification of the redox state
of the enzyme directly in the IR cuvette using a gold mesh
(55% transmission) as a working electrode, a platinum
counter electrode, and a Ag/AgCl reference electrode. The
electrodes were connected to a potentiostat (EG&G, type
283) which controls the potential and allows us to monitor
the current during the measurements. The temperature was
controlled by a thermostat (RML 6, Lauda) connected to the
cell by a water circulation system. The thermostated spec-
troelectrochemical cell was directly mounted into the FTIR
spectrometer. The measurements were performed at 30°C
in the case of the Ni-B, Ni-SI, Ni-C, and Ni-R redox states

and at 15°C in the case of the Ni-A and Ni-SU states.
Electrochemical equilibration was attained when the current
had reached a constant value (usually 5-7 min after the
potential had been switched on). Recording of the FTIR
spectra was therefore started∼10 min after the potential was
set.

The spectra were measured against the buffer solution as
a background. A water vapor spectrum of suitable intensity
was subtracted to correct for water vapor differences of the
background and the sample spectra. Finally, a baseline
correction was performed by subtracting a broad and
structureless feature resembling the background. The refer-
ence electrode was calibrated using methyl viologen (MV)
as a standard. Its first reduction potential was determined
by square wave voltammetry with the same reference
electrode and buffer that were used with the respective
hydrogenase sample (25 mM Tris-HCl and 100 mM KCl at
different pHs). AnE′0 value of-448 mV against a normal
hydrogen electrode (NHE) was adopted for the reduction
potential of the MV2+/MV •+ redox couple (24). The potential
difference between the observed potential value found in the
calibration assay and-448 mV was used to calculate the
applied potentials against the NHE. All potentials quoted in
this study are given versus the NHE.

RESULTS

FTIR Spectra. Figure 2 shows the FTIR spectra of the
different redox states of the [NiFe] hydrogenase ofD.
Vulgaris Miyazaki F which were obtained by applying the
indicated potentials to the enzyme solution. It is seen in the
spectra that the exact positions of the bands vary according
to the applied potential. It is expected that an IR spectrum
of a pure redox state consists of three characteristic bands
of the inorganic ligands to Fe, one in the spectral region of
1900-1960 cm-1 and two in the region of 2050-2100 cm-1.
For example, in spectrum c, an almost pure redox state is
obtained under oxidizing conditions, Ni-B, and the spectrum
exhibits three bands at 2090, 2081, and 1955 cm-1. At other
potentials, under more reducing conditions, the FTIR spec-
trum generally consists of the contributions of more than
one redox state. By following the appearance and disap-
pearance of the bands in the spectra as a function of the
applied potential, we could uniquely assign the frequencies
of the bands to specific redox states. These assignments are
summarized in Table 1.

The spectra of the Ni-A and Ni-SU states shown in panels
a and b of Figure 2 exhibit a lower signal/noise ratio than
the other states, which is related to the sample preparation.
The spectra were recorded at 15°C, since at higher
temperatures an increasing level of formation of Ni-B and
Ni-SI states becomes rapidly apparent. In case of the Ni-SI
state, the appearance of two CO bands in the region of 1900-
1960 cm-1 indicates the existence of two species, and for
the Ni-R state, even three bands have been found in this
region.

FTIR Spectra of the Two Ni-SI States. The spectroelec-
trochemical measurements were performed for the Ni-SI
states at different pH values in the pH range of 5.4-8.0
(Figure 3). At pH 5.4, the spectrum is dominated by a band
at 1943 cm-1 and two bands at 2075 and 2086 cm-1 (Figure
3a). With an increase in pH, these bands decrease in intensity,
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and three new bands, at 1922, 2056, and 2070 cm-1, become
more intense. At pH 7.8, the amplitudes of the bands at 1943
and 1922 cm-1 are almost equal (Figure 3d). These observa-
tions indicate that an acid-base equilibrium is present
between the two Ni-SI states. The protonated form present
at low pH values and characterized by vibrations at 1943,
2075, and 2086 cm-1 is called Ni-SIa according to De Lacey

et al. (12), whereas the unprotonated form, Ni-SIr, present
at high pH values exhibits absorption bands at 1922, 2056,
and 2070 cm-1. The pKa value of this acid-base equilibrium
for D. Vulgaris Miyazaki F hydrogenase is 7.8( 0.1.

FTIR Spectra of the Three Ni-R States. The IR spectrum
of the Ni-R state at pH 7.4 (Figure 2f) exhibits, in addition
to the three predominant bands at 1948, 2061, and 2074
cm-1, two additional bands at 1933 and 1919 cm-1. In spectra
at other pH values, corresponding bands at 2050 and 2065
cm-1 have been detected (data not shown; see Table 1). The
fourth band at 1961 cm-1 results from that fraction of
molecules which is still in the Ni-C state. Because the bands
at 1933 and 1919 cm-1 were only detectable at very low
potentials, they are assigned to the most reduced state, Ni-
R. The appearance of these additional bands was investigated
at different pH values in several independent measurements,
but no dependence on pH could be detected within experi-
mental error. They might therefore result from structurally
different subforms of the Ni-R state (called Ni-R′ and Ni-
R′′). Unfortunately, it was not possible to substantially
increase the intensity of these bands compared to those of
the dominant Ni-R species. Additional peaks in the Ni-R
state were also observed in other hydrogenases (18, 19, 25).

Potentiometric Titrations. The potentiometric titrations
were performed to determine the midpoint potentials of the
different redox transitions. The potential was scanned in the
range from-600 to 200 mV in steps of 20-50 mV, and at
each applied potential, an FTIR spectrum was recorded to
monitor the spectral changes as a function of the potential.
The peak height of the band in the region of 1900-1960
cm-1 (the CO band, vide infra) served as a probe for the
analysis. The resulting data points were fitted to the Nernst
equation:

where Eh is the applied potential (millivolts),Em is the
midpoint potential (millivolts),R is the gas constant (8.314
J mol-1 K-1), T is the temperature (K, Kelvin),n is the
number of transferred electrons per protein molecule,F is
the Faraday constant (96 485 C/mol) and [ox] and [red] are
the concentrations of the oxidized and reduced species,
respectively.

FIGURE 2: FTIR spectra of the different redox states of [NiFe]
hydrogenase (1.5 mM in 25 mM Tris buffer with 100 mM KCl
and each redox mediator at 125µM). Each spectrum was obtained
by accumulation of 200 scans. Spectra of states Ni-A (a) and Ni-
SU (b) were recorded at 15°C, and those of states Ni-B (c), Ni-SI
(d), Ni-C (e), and Ni-R (f) were recorded at 30°C. The applied
potential, at which the respective state dominates, is indicated. The
ν̃CO andν̃CN vibrational frequencies are given for each state; bands
of additionally occurring redox states (italics) are also given.

Table 1: Frequencies (wavenumbers, cm-1) of the Bands in the IR
Spectra of the [NiFe] Hydrogenase fromD. Vulgaris Miyazaki F in
Different Redox States, Recorded at 30°C and pH 7.4a

redox state ν̃CO ν̃CN(1) ν̃CN(2)

Ni-A 1956 2084 2094
Ni-B 1955 2081 2090
Ni-SU 1946 2075 2086
Ni-SIr 1922 2056 2070
Ni-SIa 1943 2075 2086
Ni-C 1961 2074 2085
Ni-R 1948 2061 2074
Ni-R′ 1919 2050 2065
Ni-R′′ 1933 ndb ndb

a The error is(1 cm-1. The data were read from spectra as shown
in Figures 2 and 3. Ni-SIa and Ni-SIr are the two states of Ni-SI which
are in acid-base equilibrium (see text). Ni-R′ and Ni-R′′ are substates
of the most reduced state, Ni-R. The CN- bands of the Ni-R′ state
were obtained from additional spectra (data not shown).b Not determined.

Eh ) Em + RT
nF

× ln( [ox]

[red]) (1)
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For the case in which electron transfer is accompanied by
proton transfer, the midpoint potential in eq 1 is pH-
dependent:

whereEm(alk) denotes the plateau value in the alkaline range
andKred the acid dissociation constant of the reduced form.

At 30 °C and when pH< pKred, theEm(H+) value changes
by -60 mV per pH unit forn ) 1 and transfer of one proton
(see Figure 5).

Figure 4 shows the titration curves at different pH values
and the respective fits. Best fits were achieved by assuming
a one-electron reaction for each redox transition (n ) 1).
The redox transition from Ni-A to Ni-SU was only obtained
at pH 6, since no sufficient yield of the Ni-A state could be
achieved at other pH values. In the case of the Ni-SI states,
the sum of the bands of Ni-SIa and Ni-SIr was used. Thereby,
it was assumed that the molar absorption coefficient is the
same for both forms.

It is seen in Figure 4 that at very low and very high
potentials the potentiometric titrations are not complete; i.e.,
the absorption bands of the redox couple present at these
potentials did not fully reach 0 and 1, respectively. In these
cases, a mixture of two states is present in the sample; e.g.,
in the case of the Ni-B state, the rest of the enzyme molecules
always remained in the Ni-SI state. This stems from the fact
that the mediators required to transport the electrons between
the protein and the electrode are not able to completely
reduce or oxidize the protein at extreme potentials. At
potentials lower than-600 mV, the onset of protein
degradation prevented the recording of reliable IR spectra
because at this low potential proton reduction catalyzed by
the hydrogenase interferes in the redox equilibrium. Thus,
the determined midpoint potential is an apparent one. This
also explains the large difference in potentials for the
oxidative and reductive titrations.

Each redox titration was fully reversible, even at the low
temperature of 5°C (data not shown). This is different from
the observations made forA. Visosumhydrogenase (26). Once
the enzyme was activated by reducing an as-isolated sample
at low potentials, only the Ni-B state was obtained after
subsequent oxidation at potentials between 0 and 200 mV.
A signal from the Ni-A state could not be detected. The
activation (reduction of an as-isolated sample) and the
inactivation (oxidation of a sample in the Ni-SI state) were
finished within the electrochemical equilibration time of the
OTTLE cell (5 min) even at temperatures as low as 5°C
(data not shown). This prevented a kinetic analysis. Also, in
this respect, the results differ from those reported forD. gigas
andA. Vinosumhydrogenase in which inactivation (oxidation
of Ni-SI to Ni-B) was hindered by a kinetic barrier and the
Ni-B-Ni-SI redox titration was not reversible at low
temperatures (2 and 5°C, respectively) (12, 18).

Each redox transition yielded twoEm values, one for the
oxidative and one for the reductive titration. These twoEm

values differed by a mean value of 6( 4 mV. The only
exceptions were the Ni-C-Ni-R redox transitions at pH 6.8
and 8.0, where the twoEm values were determined to be 27
( 4.5 and 18( 5.5 mV, respectively (see Figure 4c,f). This
is related to the fact that at low potentials proton reduction
additionally occurs and interferes in the redox equilibium.
The midpoint potentials were taken as the average value of
the twoEm values. They are collected in Table 2 and plotted
versus pH in Figure 5 (top). From the figure, it is seen that
the midpoint potentials decrease with an increase in pH. At
higher pH values (>7.0), the experimentalEm values are
almost constant with pH [see Figure 5 (top)].

FIGURE 3: FTIR spectra of the two Ni-SI forms recorded at different
pH values (1.5 mM in 25 mM Tris buffer with 100 mM KCl and
each redox mediator at 125µM). Each spectrum consists of 200
scans and was recorded at 30°C. The spectra were normalized by
setting the sum of the amplitudes of the two Ni-SI CO bands (1943
and 1922 cm-1) to 1.0. Thus, the relative amplitude, which varies
with pH, can be directly read from the spectrum. The spectra were
recorded at the indicated potential for which the Ni-SI state
dominated.

Em ) Em(H+) ) Em(alk) + RT
nF

× ln(1 +
[H+]
Kred

) (2)
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DISCUSSION

Assignment of the Fe Ligands. On the basis of the high
degree of similarity of the spectra ofD. Vulgaris Miyazaki
F enzyme with those of the homologous [NiFe] hydrogenases
of D. gigas (12), D. fructosoVorans (19), andA. Vinosum
(18), we identify the Fe ligands as one CO molecule and
two CN- molecules inD. Vulgaris Miyazaki F. Higuchi et
al. (21) explained the presence of two CN- bands in the as-
isolated sample with the presence of two redox states
assuming that each state exhibits one CN- band. The
spectroelectrochemical measurements presented here clearly
indicate that each state exhibits two bands in the CN- region
(Figure 2). As for the other [NiFe] hydrogenases investigated
by IR spectroscopy, the third IR absorption band appears at

frequencies around 1950 cm-1 and was assigned to a CO
ligand. A SO molecule as one of the Fe ligands can be
excluded on the basis of our data.

Comparison with Other [NiFe] Hydrogenases. In Figure
6, the frequencies of the bands in the IR spectrum of the
different redox states ofD. VulgarisMiyazaki F are compared
with those ofD. gigasand A. Vinosum. The figure shows
that the positions of the bands move in the same direction
for all hydrogenases when the redox state is changed (the
only exception is given by the Ni-A-Ni-SU transition). This
indicates that the electronic structure of the active site and
the redox processes that occur during the catalytic cycle are
essentially the same in all these enzymes. The frequency of
the CO bands inD. Vulgaris Miyazaki F is systematically

FIGURE 4: Determination of midpoint potentials of the different redox states. Each data point was extracted from a FTIR spectrum consisting
of 200 scans measured at 15°C in the case of the Ni-A-Ni-SU transition (a) and at 30°C for all other transitions (b-f). The relative
absorbance refers to the absorbance of the CO bands in each spectrum and is given against the applied potential. The sum of all CO
absorbance bands in a spectrum is defined as 1.0. The part of a CO band representing a definite state is given relative to this value. The
solid lines show the Nernst fits assumingn ) 1 (correlation coefficient, 0.95< R2 < 0.99). In panel a, only the Ni-A-Ni-SU transition
is shown; no other transitions are included.
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upshifted by∼10 cm-1 as compared to those of the other
species, whereas the variation of the CN- bands between
the enzymes is limited toe2 cm-1 (Figure 6). The only
exception seems to be the Ni-SU state (Figure 6). One can
speculate that inD. Vulgaris Miyazaki F this state differs
significantly in its electronic configuration of the active site
from that of the other organisms.

The position of the CO band can be influenced by
molecules in the proximity of the CO ligand that interact
through chemical bonds, hydrogen bonds, or van der Waals
interaction. The CO ligand is surrounded by several un-
charged amino acids, comprising a threonine (Thr87, large
subunit) and a proline (Pro501, large subunit) (Figure 1).
Comparison of the crystal structures of theD. Vulgaris
Miyazaki F enzyme (2) and theD. gigasenzyme (25) shows
that of all amino acids within a radius of 5 Å around Ni
only the two threonines, Thr80 and Thr87 (D. Vulgarisamino
acid numbering), are changed inD. gigasto an alanine and
a valine, respectively. It is reported for theD. fructosoVorans
hydrogenase (19) (and D. gigas in which the amino acid
sequence at these positions is the same as that forD.
fructosoVorans) that the valine is in van der Waals contact
with the CO ligand. Since this unpolar residue is changed
to a more polar threonine (Thr87; see Figure 1) inD. Vulgaris
Miyazaki F hydrogenase, the interaction is likely to be
stronger. Nevertheless, the possible formation of a hydrogen
bond between the OH group of Thr87 and the CO ligand is
doubtful due to the rather large distance of 4.18 Å (hydroxyl-
OThr87-OCO ligand). However, the polarity of the threonine

might cause an electron donation effect from the CO ligand
toward the threonine compared to the effect of a valine which
could explain the observed systematic frequency upshift of
the absorbance band of the CO ligand.

Acid-Base Equilibrium of the Ni-SI States. The pH
dependence of the ratio of the two Ni-SI forms reveals that
they form an acid-base equilibrium in which Ni-SIa
represents the protonated and Ni-SIr the unprotonated state.
The pKa value of the equilibrium was determined to be 7.8
( 0.1. This value indicates that the proton-accepting base
could be one of the coordinating cysteines since the pK value
of the cysteine side chain (8.3) (27) is rather close to the
measured value. Since the bridging cysteines are located
closer to the Fe than the terminal cysteines, a protonation of
one of the bridging cysteines seems to be more likely. On
the other hand, a protonation of the OH- bridging ligand
which then leaves the active site as a water molecule would
also be possible, as proposed for theA. Vinosumhydrogenase
(18, 28, 29). The frequency shifts of the CO and CN- bands
during the transition of the unprotonated to the protonated
form (Table 1) are consistent with the decrease in electron
density on Fe. Such an acid-base equilibrium was first
reported forD. gigashydrogenase and exhibited a similar
pK value of 8 (12).

Subforms of the Ni-R State. Is was not possible to detect
an acid-base equilibrium between the Ni-R state and its
subforms in the [NiFe] hydrogenase ofD. VulgarisMiyazaki
F, since the ratio of their amplitudes was independent of the
pH value in three measurement series. However, a pH
dependence has been reported forA. Vinosumhydrogenase
(18), D. fructosoVorans hydrogenase (19), and D. gigas
hydrogenase (30). As the Ni-R′ subforms obviously do not
differ in their protonation state inD. Vulgaris Miyazaki F
hydrogenase, the question concerning the nature of the active
site in these states arises. The frequency shift could be due
to a different structural organization of the active site and
the surrounding amino acids. Another possible explanation
has been discussed by Volbeda and Fontecilla-Camps (31),
who raised the possibility that the different Ni-R states relate
to different spin states of NiII. This is based on a DFT
analysis of Ni-R with a hydride as the bridging ligand (32).

Midpoint Potentials of the Redox Transitions. The analysis
of the titration curves yields the respective midpoint poten-
tials of the various redox transitions between the states and
shows that each reaction is a single-electron transition.
Furthermore, the midpoint potentials depend on the pH,
which indicates that each transition is accompanied by a
change in the protonation state (see Figure 5). It is seen that
the potentials are almost constant for pH>7 and become
more positive toward lower pHs for pH<7. The slope
between pH 5.4 and 6.0 is∼60 mV/pH, which fits well for
a situation where oxidized and reduced species (Ox and Red:
H, respectively) are unprotonated (Ox) and protonated (Red:
H) by one proton, respectively. At pH>7, neither reduced
nor oxidized species are protonated. Such pH dependence
is described by eq 2.

Though the experimental data points do not cover the
complete curve (see Figure 5), it is estimated that the pKa

value of the reduced forms for all three redox transitions
lies between 6.5 and 7 with some small variations. The proton
acceptor could thus be one of the four coordinating cysteines
which would fit to the pK value of the thiol group (pK )

FIGURE 5: (a) Dependence of the midpoint potentials of the Ni-
B-Ni-SI, Ni-SI-Ni-C, and Ni-C-Ni-R redox pairs on the pH
value. The displayed curves are part of a curve describing a
Pourbaix diagram (49) and show the character of such a dependence.
(b) Theoretical diagram of a one-electron one-proton transition.
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8.3), taking into account the fact that the pK of an amino
acid can change in the protein surrounding. Nevertheless,
other amino acids such as glutamate or aspartate are possible
proton acceptors as well, even if the tabulated pK values
are 4.3 and 3.9, respectively (27). This is supported by a
mutagenesis study ofD. fructosoVorans hydrogenase in
which a glutamate, which is supposed to be related to the
H+ proton transfer path, was changed to a glutamine, leading
to a decreased catalytic activity (33). Furthermore, the
protons could be bound to the H-bond network of the protein
(31).

Redox titrations on [NiFe] hydrogenases were performed
not only via IR spectroscopy using the ligands bound to Fe
as a probe but also via EPR spectroscopy by monitoring the
change of the Ni signals, i.e., the disappearance of the Ni-A
and Ni-B signal and the appearance and subsequent disap-
pearance of the Ni-C signal during reduction of the protein
(34-39). The midpoint potentials reported in these publica-
tions are similar to those determined forD. VulgarisMiyazaki
F hydrogenase presented here (Table 2). They are similar to
those obtained for the hydrogenases ofD. gigas and A.
Vinosumby IR spectroelectrochemistry (12, 18). In a manner
independent of the method used to determine the midpoint
potentials, it was shown for the different [NiFe] hydrogenases
that with each redox transition one proton is transferred and
each titration curve can be best fitted assuming a one-electron
transition.

Electronic Configuration of the Different Redox States.
The frequency shifts of the CO and CN- bands with a change
in the redox state largely depend on the change of the charge

on the Fe ion which is related to the changes of the valence
state of Ni, the redox-active metal. Since the CO and CN-

molecules possessπ-electron accepting capabilities, they are
able to sense changes in the electron density on Fe. This
results in a shift of the IR frequencies because the back-
donation effect from the Fe to the ligands becomes larger
when the active site is reduced and vice versa, affecting the
order of the Fe-C, CdO, and CtN bonds (40).

During the redox transitions, the formal oxidation state
switches between NiIII and NiII (Figure 7). The Fe is believed
to be always low-spin FeII (S ) 0), since no substantial
hyperfine structure of57Fe can be detected in the EPR/
ENDOR spectra (41-43). Furthermore, for a charge of the
Fe oxidation state, large shifts of the CO and CN- vibrational
bands would be expected (44). The smaller shifts in [NiFe]
hydrogenases show that the Fe is not changing its formal
oxidation state; it only senses effects from neighboring atoms
(mainly Ni) leading to small shifts of the Fe electron density
and the related CO and CN- vibrations.

During the reduction of Ni-A to Ni-SU, the CO vibrational
frequency shifts from 1956 to 1946 cm-1 (-10 cm-1). The
CN- bands shift by approximately the same amount (Figures
2a,b and 6 and Table 1). Since a frequency downshift is
associated with the increase in the Fe electron density
affecting both the CO and CN- ligands in the same way, it
can be assumed that the Ni is reduced from NiIII to NiII. Here
the situation is different from what is reported forD. gigas
[NiFe] hydrogenase in which the Ni-A-Ni-SU transition was
associated with CO and CN- frequency upshifts of 4 and 6
cm-1, respectively (12), and it is unclear at present what
causes the difference between the Ni-SU states in these
enzymes.

In the case of the Ni-B-Ni-SIr redox transition, the
frequency of the CO ligand is downshifted by-33 cm-1

(Figure 6 and Table 1), indicating an increase in the electron
density on Fe. In Ni-B, the formal oxidation state of the Ni
is NiIII and an increase in the electron density on Fe is
consistent with the formal reduction of Ni by one electron
from NiIII to NiII. The frequency shift of the CN- ligands
supports this assignment since they also shift to lower
frequencies (Figure 6 and Table 1). Again, the change in
the Ni oxidation state influences the CO and CN- ligands
in the same way but is slightly smaller for the CN- ligands
due to the betterπ-accepting ability of the CO molecule
which leads to more pronounced electronic changes on Fe
and CO ligand vibrations than for CN- (44, 45). During the

Table 2: Midpoint Potentials of Redox Pairs Observed in Redox Transitions of theD. Vulgaris Miyazaki F [NiFe] Hydrogenase Measured at
30 °Ca

Em(H+) (mV)

species pH Ni-A-Ni-SU Ni-B-Ni-SI Ni-SI-Ni-C Ni-C-Ni-R

D. VulgarisMiyazaki F 6.0 -96 ( 5
5.4 -69.5( 4.5 -246.5( 3.5 -355.5( 5.5
6.8 -136.5( 0.5 -311.0( 11 -431.5( 18.5
7.4 -150.5( 4.5 -374.5( 7.5 -435.5( 7.5
7.8 -162.5( 3.5 -337.5( 2.5 -410.5( 5.5
8.0 -146.5( 5.5 -340.0( 9 -404.0( 9

D. gigas(18, 38) 8.0b -120 -150 -380 -445
8.0c -140 -330 -405

a For comparison, the data forD. gigas [NiFe] hydrogenase are included (last two rows).b The data forD. gigas [NiFe] hydrogenase were
derived from FTIR spectroscopy; the pH dependencies of the four transitions are-55, -36, -47, and-43 mV/pH unit (12). c These data forD.
gigas [NiFe] hydrogenase were derived from EPR spectroscopy (39).

FIGURE 6: Overview of CO and CN- vibrational bands measured
for [NiFe] hydrogenases fromD. gigas (black) (12), A. Vinosum
(red) (18), andD. Vulgaris Miyazaki F (green).
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reduction of an oxidized sample, the Ni-SIr state is first
present. When the enzyme is further reduced, the Ni-SIa state
develops and reaches a higher relative intensity than the Ni-
SIr state before both Ni-SI states dissipate and the Ni-C state
arises (data not shown). This result indicates that the Ni-
SIr-Ni-SIa transition is required for the activation of the
enzyme.

In the subsequent Ni-SIa-Ni-C transition, the frequency
of the CO band is upshifted again (18 cm-1) (Figure 6 and
Table 1). It can thus be concluded that Ni is formally not
further reduced to NiI but oxidized back to NiIII since the
frequency upshift suggests a decrease in the electron density
on Fe caused by the oxidation of Ni. Furthermore, this
transition includes the reduction of a proton to a formal
hydride forming a bridge between Ni and Fe. The insertion
of a formally negatively charged ligand (hydride) should lead
to an increase in the electron density on Fe, resulting in a
frequency downshift. As this transition shows a frequency
upshift, the formation of the hydride bridge does not seem
to strongly influence the shift. Strikingly, the frequency shifts
of the CN- ligands do not follow the CO frequency shift. It
is inverted in the case of the Ni-SIa-Ni-C transition (-1
cm-1) (Figure 6 and Table 1). This difference suggests that
a possible deprotonation of a base (most likely a nearby
amino acid) providing the proton for the formation of the
hydride bridge especially affects the CN- ligands, possibly
caused by an increased negative partial charge on one of
the interacting amino acids. This charge effect would result
in an enhanced donation of electrons to the CN- ligands
which results in a frequency downshift. Such a downshift
might be as strong as the frequency upshift caused by Ni

oxidation resulting in a cancellation of the effect. The same
effect was observed when the influence of the protonation
of K[η5-(C5H5)FeCO(CN)2] model complexes mimicking the
active site of the enzyme was analyzed (44). A possible
alternative is given by Volbeda and Fontecilla-Camps for
theD. gigashydrogenase which shows the same effect (31)
in that they relate it to the trans effect of the bridging hydride
acting on the Fe-CO bond: The CO group and the H-

molecule share the same metal orbital which leads to a
weakened Fe-C bond and a strengthened CdO bond.

In the Ni-C-Ni-R transition, another reduction (Oxf
Red:H) takes place (Figures 6 and 7 and Table 1). The
reduction again causes an increase in the electron density at
Fe manifested in the downshift of the CO as well as the
CN- frequency by approximately 13 cm-1.

The relationship between the different redox states as
proposed in this work (Figure 7) is in general agreement
with those published for other [NiFe] hydrogenases with only
minor variations. Bleijlevens et al. described forA. Vinosum
three different forms of Ni-SI, two of which are spectro-
scopically identical but differ in their activity (18). The
presence of an inactive form of Ni-SIa inD. Vulgaris
Miyazaki F was not detected since even at low temperatures
(5 °C) an activation to the Ni-C and Ni-R states was easily
possible. Most of the measurements were performed at 30
°C at which a fast activation takes place. The same
explanation was given for theD. gigasenzyme, for which
at 40°C no inactive Ni-SIa state was discovered (12). The
activation step between the Ni-SU and Ni-SI states, which
was determined by following the Ni-SU kinetics during the
electrochemical reduction of an as isolated sample ofD.

FIGURE 7: Schematic overview of the different redox states ofD. Vulgaris Miyazaki F hydrogenase summarizing the IR frequencies and
redox chemistry of the active site. In the paramagnetic (S ) 1/2) states (Ni-A, Ni-B, and Ni-C), the Ni has a formal oxidation state of+3,
whereas in the EPR-silent states, it is+2. The two Ni-SI forms are in an acid-base equilibrium. The midpoint potentials are given for pH
6 (Ni-A-Ni-SU) and for pH 7.4 (all other transitions). The states (from top to bottom) are ordered according to the decreasing redox
potential. Note that the formal oxidation state of Ni in this process cycles from oxidized to reduced and back to oxidized before the fully
reduced Ni-R state is reached (see the text).
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gigas(12, 46), was not examined inD. Vulgaris Miyazaki F
hydrogenase, since the Ni-SU state was not detectable in an
as-isolated sample. Moreover, the observed frequency shifts
are in line with several proposed reaction mechanisms (18,
32, 47) but cannot give any experimental preference for one
of them. Here more experimental and theoretical data are
needed to come to a conclusion.

CONCLUSION

In this work, we have presented a detailed FTIR spectro-
scopic study of the different redox intermediates of the [NiFe]
hydrogenase ofD. Vulgaris Miyazaki F. It was shown that
the Fe carries one CO molecule and two CN- molecules as
ligands as found forD. gigasandA. Vinosumhydrogenase,
demonstrating the high degree of similarity among these three
enzymes. A further similarity concerns the redox transitions
which are accompanied by a single proton transfer step and
the observed acid-base equilibrium of the Ni-SI states that
possess a very similar pK value. It is tempting to speculate
that the pH dependence of the Ni-SIr-Ni-SIa transition
indeed involves a protonation of the bridging OH- ligand
that must be removed before the enzyme becomes active (18,
28, 48). The removal of water from the active site in the
different enzymes seems to require a different activation
energy which is higher inA. Vinosum(18) andD. gigas(12)
than inD. Vulgaris Miyazaki F.

Other differences between the enzymes have been ob-
served. A systematic frequency shift of the CO band in all
states is probably due to a difference in the amino acid
surrounding of the active site inD. Vulgaris Miyazaki F
compared with that inD. gigas. Furthermore, no pH
dependence of the Ni-R substates could be observed. It could
therefore be that the Ni-R′ forms are non-native states
representing slightly different conformations or spin states
of the enzyme. The band shifts in the IR spectrum with a
change in the pH of the redox titrations yielded the pK values
of the reactions. The protonation steps in the redox transitions
probably involve addition of H+ to one of the four cysteine
residues coordinating the active site, but a protonation of
other residues cannot be excluded at present. The frequency
shifts of the CO and CN- groups have been related to the
change in the formal oxidation state of Ni, switching between
NiIII , with higher ν̃CO IR frequencies, and NiII, with lower
frequencies. Nevertheless, further experiments need to be
performed to gain more detailed insight into the catalytic
cycle as well as the sites of protonation in the protein near
the active site. This could be achieved by studying appropri-
ate site-directed mutants of the [NiFe] hydrogenase ofD.
VulgarisMiyazaki F. Such experiments are underway in our
laboratory.
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