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X-ray crystallographic studies [Ogata et al., J. Am. Chem. Soc. 124 (2002) 11628-11635] have shown that carbon
monoxide binds to the nickel ion at the active site of the [NiFe] hydrogenase from Desulfovibrio vulgaris Miyazaki F
and inhibits its catalytic function. In the present work spectroscopic aspects of the CO inhibition for this bacterial
organism are reported for the first time and enable a direct comparison with the existing crystallographic data.
The binding affinity of each specific redox state for CO is probed by FTIR spectro-electrochemistry. It is shown that
only the physiological state Ni-SI, reacts with CO. The CO-inhibited product state is EPR-silent (Ni>*) and exists in
two forms, Ni-SCO and Ni-SCO,.q. At very negative potentials, the exogenous CO is electrochemically detached
from the active site and the active Ni-R states are obtained. At temperatures below 100 K, photodissociation of the
extrinsic CO from the Ni-SCO state results in Ni-SI, that is identified to be the only light-induced state. In the dark,
Spectro-electrochemistry rebinding of CO takes place; the recombination rate constants are of biexponential character and the activation
Rapid-scan FTIR barrier is determined to be approximately 9 k] mol . In addition, formation of a paramagnetic CO-inhibited state
EPR (Ni-CO) was observed that results from the interaction of carbon monoxide with the Ni-L state. It is proposed that
the nickel in Ni-CO is in a formal monovalent state (Ni'*).
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1. Introduction

Hydrogenases are metalloenzymes that catalyze the reversible
conversion of molecular hydrogen according to: H, = 2H™ +2e™ [1].
They are part of an energy converting mechanism found in the
metabolic pathway of a wide variety of microorganisms [2]. They can
be classified according to their metal content as: (a) [NiFe] hydro-
genases with a hetero-binuclear Ni-Fe active center [3-5], (b) [FeFe]
hydrogenases with a binuclear iron site connected to a [4Fe4S] cubane
[6] forming the so-called H-cluster [7], and (c) iron-sulfur cluster-free
hydrogenases (Hmd) consisting of a mononuclear iron site [8].

The [NiFe] hydrogenase from the sulfate reducing bacterium
Desulfovibrio vulgaris Miyazaki F is a membrane attached enzyme
with a molecular weight of 91.3 kDa [9], consisting of two subunits
[10]. The large subunit (62.5 kDa) contains the Ni-Fe center [11].
This is shown in Fig. 1a. The two metals are connected via two cysteinyl
residues and depending on the redox state of the enzyme, a third non-
protein ligand is present at the active site (labeled X in Fig. 1a). The
nickel ion is coordinated by two more cysteines (terminal) and changes
during catalysis its redox state (Ni**, Ni®* and maybe Ni'*) [12]. The
iron, in all intermediate states of the enzymatic cycle, maintains a low
oxidation state (Fe?>*) and is coordinated by three diatomic inorganic
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ligands [13]; one carbonyl surrounded by hydrophobic residues and two
cyanides that are hydrogen bonded to nearby amino acids [14]. The
small subunit (28.8 kDa) harbors a [3Fe4S]'*/° center situated between
two low potential [4Fe4S]*™/1 " clusters [11,15,16]. These three clusters
mediate the electron transfer between the [NiFe] center and the native
electron acceptor cytochrome cs [1,17]. Proton transfer involves several
possible pathways, among which the most predominant is via the
glutamate residue (Glu34, D. vulgaris numbering) located near the
nickel center [18].

In the presence of oxygen, reversible inhibition of the enzyme takes
place. Purification is carried out aerobically and thus the protein is
obtained in inactive states containing oxygen-based ligands in the
bimetallic site. The two most oxidized forms are known as Ni-A and Ni-B
[4,5] (Scheme 1). They are both paramagnetic (Ni*™, S=1/2) [19], but
differ in their spectroscopic and catalytic properties [20,21]. Ni-B is
readily activated in the presence of H, or under reducing conditions,
whereas Ni-A shows a long delay in its activation kinetics [21,22]. The
difference in their activation rates has been recently ascribed to the
different identities of the oxygenic ligands, OH™ for Ni-B [19,23], and a
proposed OOH ™ for Ni-A [23,24].

One-electron reduction of Ni-A and Ni-B leads to the Ni-SU and
Ni-SI; inactive states (Ni2*, EPR-silent?) [25,26], respectively. For

2 Integer spin ground states can be characterized as EPR-silent either if they are
diamagnetic (S=0) or if they cannot be observed by conventional microwave frequencies X/
Q/W band frequencies (i.e., S> 1, where the zero field splitting is larger than the microwave
quantum). So far no experimental evidence exists from high field EPR for the reduced
hydrogenase states, whether they are associated with a high spin or low spin state for Ni?*.
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Fig. 1. (a) Representation of the active site of the [NiFe] hydrogenase from D. vulgaris
Miyazaki F in the oxidized and H, reduced forms that carry an oxygenic or hydrogenic
species, respectively. (b) The active site of the CO-inhibited hydrogenase (entry 1UBJ,
protein databank). The elements are represented with the following colors: Fe (orange),
Ni (green), S (yellow), C (grey), O (red), N (blue). The third bridging ligand X is shown in
magenta.

Ni-SI,, two states have been observed, (Ni-SI;); carrying an OH™
bridge and (Ni-SI;);; with an H,O bridge [27], which co-exist in acid—
base equilibrium (Scheme 1). Catalytic activity is recovered in the
Ni-SI, state (Ni**, EPR-silent) by liberation of the oxygenic species.
Further reduction leads to Ni-C, a paramagnetic state (Ni**,S=1/2)
with a hydride (H™) bridging the two metals [28,29]. Ni-C is
photosensitive at low temperatures, leading to the dissociation of the
bridging H™ [28,30]. Further reaction of Ni-C with hydrogen
produces Ni-R (Ni2", EPR-silent), which can exist in more than
one protonation states [27,31].

It has been shown that carbon monoxide also inhibits the catalytic
function of hydrogenase enzymes [32,33]. X-ray crystallographic
experiments [34] have demonstrated that the exogenous CO ligand
coordinates to the nickel (Fig. 1b). Two different CO-inhibited states
have been observed, with distinct electronic structures and properties
[32,36]. The formation of these states depends on the redox state and
the coordination number of nickel. The paramagnetic form is known
as Ni-CO [32,35], whereas the EPR-silent forms are known as Ni-SCO/
Ni-SCO,eq [36]. In all the above states, the exogenous CO ligand can be
photodissociated from the active site at near cryogenic temperatures
[32,34,35,37].

The present work presents an extensive spectroscopic charac-
terization of the interaction between carbon monoxide and the
[NiFe] hydrogenase from D. vulgaris Miyazaki F, for which, apart
from a high resolution crystal structure [34], no previous informa-
tion exists on the properties of the CO adduct(s). A thorough
investigation consisting of infrared spectro-electrochemistry, rapid-
scan FTIR and EPR is described and results are compared to those
corresponding to hydrogenases from other organisms [35-38]. In
particular, the activation barrier for the rebinding of CO to the active
site of hydrogenases is determined and the paramagnetic Ni-CO
state is described for the first time for a [NiFe] hydrogenase from
sulfate reducing bacteria. Results are discussed within the frame-
work of structural models proposed for the oxygen-sensitive
hydrogenases.

2. Materials and methods
2.1. Purification of the enzyme

Hydrogenase from D. vulgaris Miyazaki F was purified from 50-
| cultures as previously described [9]. The pH of the enzyme solutions
was kept at pH 7.40 in Tris/HCl buffer for all experiments. In sample
preparations, where the enzyme was incubated with carbon monoxide
at 0 °C, with consideration of the temperature dependence of the Tris
buffer, the pH for that case was calculated to be 8.12.

2.2. Reactions with gases

Reduction with H, (N 50, Air Liquide) and treatment with
carbon monoxide gas (N 47, Air Liquide) and '>CO labeled gas
(<10% '80,, Cambridge Isotopes) were performed using a home-
built gas mixer. Mixtures of gases (H,, CO) were regulated with a
manometer in a steel chamber of 30 cm®.
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Scheme 1. Proposed mechanism for the [NiFe] hydrogenase from D. vulgaris Miyazaki F, including both active and inactive intermediate states. The orange-shaded frame contains
the oxygen-inhibited inactive states, the light blue frame contains the active states, the light yellow contains the CO inhibited and the dark yellow frame contains the light-induced

state(s). EPR-active states are indicated in red and EPR-silent states in blue.
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2.3. Preparation of the Ni-SCO state

Two preparation procedures were used. The first consists of adding
methyl viologen (E,, =-448 mV, Sigma Aldrich) as an electron
acceptor to 50 Wl of D. vulgaris hydrogenase. Final concentration of
methyl viologen was 1.6 mM and that of the protein was 1 mM.
Reduction for 3 min with Hy, (1.1 bar, ~22 °C) was followed by an
incubation for 15 min with CO (2.5 bar, ~0 °C). Fifteen microliters
were transferred into the FTIR sample cell and immediately frozen in
liquid N,. The remaining sample was used for control measurements
(EPR spectroscopy). In the second procedure 50 pl hydrogenase (1
mM) were activated with H, (1.1 bar, ~22 °C) for 40 min and further
incubated for 15 min with CO gas (2.5 bar, ~0 °C).

2.4. Preparation of the Ni-SCO,.q State

The Ni-SCO state was prepared according to the second
preparation procedure described above. The sample was further
reduced by sodium dithionite (Sigma Aldrich) yielding mainly the
Ni-SCO,¢q state.

2.5. Preparation of the paramagnetic Ni-CO state

Degassed hydrogenase samples were reduced for 30-50 min
with hydrogen (1.1 bar, ~22 °C) and further incubated with either
CO or CO/H; gas mixtures. Interaction solely with CO was restricted
to 1 min; whereas interaction with gas mixtures of 20% CO/80% H,
was carried out for 30 min. Samples were frozen in liquid N, under
green light.

2.6. FTIR spectroscopy

Infrared measurements were carried out with a Bruker IFS 66v/S
FTIR spectrometer equipped with a mercury-cadmium-telluride
(MCT) photoconductive detector (Kolmar Technologies). For the
experiments at 100 K and below, an Oxford Instruments OptistatCF
cryostat with an ITC 503 temperature controller was used. The spectral

resolution of the low temperature measurements was 2 cm™ .

2.7. FTIR electrochemistry

Infrared electrochemical measurements were performed in an
Optically Transparent Thin-Layer Electrochemical (OTTLE) cell de-
scribed by Moss et al. [39,40], with 1 cm~"! spectral resolution. The
mediators used for the titrations were: methyl viologen, benzyl
viologen, neutral red, phenosafranine, anthraquinone-2-sulfonate,
anthraquinone-1,5-disulfonate, 2-hydroxy-1,4-naphthoquinone, po-
tassium indigo tetrasulfonate, methylene blue. The midpoint poten-
tials of these mediators at pH 7.0 are given elsewhere [41].
Solubilization of the mediators was achieved by sonication on ice
and addition of 5-10% glycerol. The protein solution for the
electrochemical measurements contained 1 mM of hydrogenase,
125 uM of each mediator and 100 mM KClI (final concentrations). The
enzyme-redox mediator solution was saturated for 15 min with
carbon monoxide (2.5 bar, ~0 °C) and transferred to the electro-
chemical Moss cell under 100% CO atmosphere (glove bag). In the
electrochemical cell [39], a layer of the protein-redox mediator
solution is formed between two CaF, windows on an 8.5-um-thick
gold mesh in electrical contact with a platinum counter electrode. An
Ag/AgCl electrode (1 M KCI) was used as a reference, which was
calibrated prior to and after each measurement by the reduction of
methyl viologen. In the titrations the potential was controlled with a
potentiostat (Princeton Applied Research/EG&G Model 283) and the
temperature was maintained with a thermostat (RML6 LAUDA) at the
desired value. After full activation of the enzyme a time period of 3-5
min was required to reach redox equilibrium at each applied

potential. All potentials in this work are quoted versus the normal
hydrogen electrode (NHE). Data were collected and baseline
corrected using the OPUS software (Bruker). Data fitting was
performed using MATLAB 7.0. The measured areas of the bands
were normalized by dividing with the enzyme concentration and the
optical path length. In this way the apparent integrated absorption
intensity (B, mM~! cm™!) was obtained.

2.8. Rapid-scan FTIR

Fifteen-microliter hydrogenase samples were placed between
sapphire windows (80-pm path length) and inserted in the cryostat
at low temperatures. The samples were illuminated in situ for 5 min
(halogen lamp 24 V, 250 W) prior to measuring the recombination
kinetics in the rapid-scan mode. The time resolution of the rapid-scan
measurements was in the order of 1 s. The temperature dependence of
the measured Kinetic rates was fitted with the Arrhenius equation
(Ink =1nAg - E./RT) [42], where k is the rate constant (s~ '), Ag is the
frequency factor (s~ 1), E, is the activation energy (k] mol™!), R is the
ideal gas constant (8.314 J K~ ! mol™!) and T is the temperature in K.

2.9. EPR spectroscopy

EPR measurements were carried out with a Bruker E-300 c.w. X-
band spectrometer using a rectangular cavity (TE;q2) and an Oxford
Instruments helium flow cryostat with an ITC 503 temperature
controller. Illumination of the samples at low temperatures was
performed in the EPR resonator with a halogen lamp (12 V, 50 W)
until maximum conversion was obtained (~5 min).

3. Results
3.1. FTIR electrochemistry at room temperature (inactivated enzyme)

The redox chemistry of the [NiFe] hydrogenase from D. vulgaris
was investigated by infrared electrochemical studies in enzyme
solutions with and without carbon monoxide. FTIR probes changes
in the active site (e.g., electron density at the Fe, coordination number,
hydrogen bonding) [43,44], by means of monitoring the stretching
vibrations of the CO and CN™ ligands. Each redox state is thus
characterized by three IR bands [13], one for a terminally bound
carbonyl in the region 1900 to 1970 cm ™!, and two corresponding to
the coupled vibrations of the two cyanide ligands in the region 2100
to 2040 cm~'. The infrared absorption bands of all redox inter-
mediates at room temperature are collected in Table 1. In the text, the

Table 1
Stretching vibrations of the CO and CN™~ ligands for each redox state of the [NiFe]
hydrogenase from D. vulgaris Miyazaki F at 25 °C (298 K).

State IR frequencies (cm™ ')
Vco(Fe) VM en(Fe) V¥ en(Fe) Vco(Ni)
Ni-A 1956 2085 2094 -
Ni-B 1955 2081 2090 -
Ni-SU 1958 2089 2100 -
(Ni=SL), 1921 2061 2070 -
(Ni=SL)yt 1943 2074 2086 -
Ni-SI, 1943 2074 2086 -
(1946) (2077) (2090) “)
Ni-C 1961 2074 2085 -
Ni-R(1) 1948 2061 2074 -
Ni-R(2) 1932 2052 2066 -
Ni-SCO 1941 2071 2084 2056
(1941) (2072) (2086) (2061)
Ni-SCOred 1939 2070 2083 2054
(1940) (2071) (2086) (2060)

Values at 100 K are given in parenthesis.
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characteristic stretching vibration of the CO band for each state is
given in parenthesis.

Fig. 2a shows the FTIR spectrum of the aerobically isolated
hydrogenase from D. vulgaris at 4229 mV (25 °C). In this spectrum
the bands corresponding to the oxygen inhibited forms Ni-A, Ni-B
and (Ni-SI;); could be identified [26] (Scheme 1, Table 1). The Ni-B
and Ni-A states were shown by EPR experiments to occur in a ratio
7:3. The CO band in Fig. 2a results from the overlap of Ni-B (1955
cm™ ') and Ni-A (1956 cm™!') and is thus centered at 1955 cm™'.
The Ni-SU state could not be resolved in these spectra (Table 1). A
CO band of small intensity at 1964 cm™~! was observed, but the
corresponding CN™ bands could not be identified. This state,
denoted as Ni-Sjge4, is EPR-silent. It can be electrochemically
reduced irreversibly and its yield does not depend on pH. The FTIR
spectrum in the case of the aerobically purified hydrogenase in a
carbon monoxide saturated buffer solution under 100% CO atmo-
sphere was identical (Fig. S1 of the Supplementary data).

Fig. 2b shows the spectrum of hydrogenase partially activated for
53 min at —295 mV in the absence of CO. Reduction of Ni-B
(1955 cm™ ') resulted in the increase of the (Ni-SI.); (1921 cm™')
state and the appearance of (Ni-SI,); and/or Ni-SI, (1943 cm™')>.
Fig. 2c shows the spectrum of the CO saturated hydrogenase after
53 min at —95 mV. A second sample of CO saturated hydrogenase
poised for 30 min at —295 mV is shown in Fig. 2d. In both spectra
the dominant species is the CO-inhibited state Ni-SCO (1941 cm™1),
as confirmed by the appearance of an additional fourth band at
2056 cm™ !, originating from the binding of exogenous CO to nickel
[34,37,38]. Activation of the [NiFe| hydrogenase in the presence of
carbon monoxide proceeds faster and at more positive redox
potentials.

3.2. FTIR electrochemistry at room temperature (fully activated enzyme)

Fig. 3 collects the infrared spectra of the fully activated [NiFe]
hydrogenase from D. vulgaris without CO (left) and with CO (right)
in solution, poised at different redox potentials. At a potential of
—228 mV (Fig. 3a, left), the hydrogenase is predominantly at the
onset of its catalytic cycle with its major fraction in the Ni-SI, state
(1943 cm™!). A small band corresponding to the (Ni-SI); (1921 cm™')
is also present. In the carbon monoxide saturated protein at the same
potential (Fig. 3a, right), all of the enzyme molecules are in the EPR-
silent Ni-SCO state (1941 cm ™).

At a potential of —419 mV (Fig. 3b, left), the main state observed in
the activated enzyme is Ni-C (1961 cm™!). A second state with its CO
band centered at 1948 cm™' corresponds to Ni-R(1). At the same
redox potential in the CO saturated protein (Fig. 3b, right), the
hydrogenase remains in the Ni-SCO state. However, the bands are
now shifted by approximately 0 to 1 cm™! to lower wave numbers. At
a potential of —499 mV (Fig. 3c, left), the most reduced Ni-R(1) state
(1948 cm™') increases in intensity relative to Ni-C (1961 cm™'). At
the same redox potential (Fig. 3¢, right) in the CO saturated enzyme,
the bands corresponding to Ni-SCO shift again toward lower
frequencies. The intrinsic CO band is now centered at 1939 cm™!
and the band of the exogenous CO is at 2054 cm~'. The bands
corresponding to the coupled cyanides are also shifted by 1 cm ™! with
respect to the spectrum at —228 mV (Fig. 3a, right). This small but
consistent shift has been associated previously with a state denoted as
Ni-SCO,¢q in the hydrogenase from Desulfovibrio fructosovorans [36].
This effect is fully reversible upon electrochemical reoxidation. EPR
experiments showed that the Ni-SCO,q4 state is EPR-silent (data not

3 The (Ni-SI,);; inactive state has a water molecule as ligand weakly bound at its
active site. The active Ni-SI, state has no additional X ligand (see Fig. 1) and the
divalent nickel is four-coordinated. However, both states are described by the same
FTIR spectrum [26], indicating a very similar electronic distribution in the [NiFe] center
of these states.
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Fig. 2. FTIR spectra of the D. vulgaris Miyazaki F [NiFe] hydrogenase in the absence of CO
in the solution (a) at +229 mV and (b) partially activated for 53 min at —295 mV. In the
presence of CO in solution (c) partially activated sample for 53 min at —95 mV and (d) a
second sample partially activated for 30 min at —295mV. All redox potentials are
quoted vs. NHE and the temperature is 25 °C. The y-axis in all figures represents the IR
absorbance.

shown, see Discussion). In addition, in this spectrum a small fraction
of Ni-C (1961 cm™!) is also observed (Fig. 3c, right).

At a potential of —639 mV in the absence of CO (Fig. 3d, left), most of
the sample is in the Ni-R(1) state (1948 cm~!, ~53%), while smaller
fractions are in Ni-C (1961 cm ™!, ~23%) and Ni-R(2) (1932 cm ™!, ~ 24%).
Lowering the potential to —739 mV (Fig. 3e, left) results in an increase of
the intensity of Ni-R(2) relative to Ni-C and Ni-R(1). In the CO saturated
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Fig. 3. FTIR spectra of the D. vulgaris Miyazaki F [NiFe| hydrogenase poised at different potentials. In the absence of CO in solution (left): (a) at —228 mV the Ni-SI, is the
major species, (b) at —419 mV the Ni-C is maximized, (c) at —499 mV a mixture of the Ni-C/Ni-R(1) states co-exist, (d) at —639 mV the Ni-R(1) state has maximal intensity and
the Ni-R(2) appears, whose intensity increases (e) at —739 mV. For the CO saturated hydrogenase (right): (a) at —228 mV all the enzyme is in the Ni-SCO state, (b) at —419 mV and
(c) at —499 mV the Ni-SCOy.q is observed. At even lower potentials (d) at —639 mV and (e) at —739 mV the hydrogenase appears to have recovered from CO inhibition.

enzyme at —639 mV, Ni-R(1) becomes the species with the largest
intensity and only a small fraction of the sample remains in Ni-SCO,¢q
(Fig. 3d, right). At the more negative potential of —739 mV (Fig. 3e, right),
Ni-SCO,q has completely disappeared and the sample contains a mixture
of the catalytically active states (Ni-C, Ni-R(1), Ni-R(2)).

Assuming that Ni-SCO (1941 cm™') and Ni-SCOyeq (1939 cm™1)
are two different forms of the same redox state, their apparent
integrated intensity was plotted against the applied potential
(Fig. 4). The data obtained from deconvolution of the two bands
are best fitted with Nernstian curves corresponding to a one-electron

transfer. The apparent midpoint potential of such a process at 25 °C
was determined by the mean value of the two curves to be —421 mV
45 mV. In the same figure the potentiometric titration correspond-
ing to the transition from Ni-SCOeq to Ni-R(1) is also shown. The
apparent midpoint potential of this process was determined to be
—596 mV 45 mV.

Reoxidation of the sample containing the active states (Ni-C, Ni-R
(1,2)) in the presence of CO at 25 °Cin the electrochemical cell yielded
the Ni-SCO state. Binding of CO was faster than the insertion of
oxygen in the active site. However, reoxidation of the sample from the
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Fig. 4. Potentiometric titration at 25 °C for the Ni-SCO/Ni-SCO;eq and Ni-SCO;eq/
Ni-R(1) pairs. The integrated absorption bands corresponding to Ni-SCO and Ni-SCOyeq
are plotted against the potential, corresponding to a one-electron transfer with apparent
midpoint potential of —421 mV 45 mV. The data obtained from integration of the
absorption bands corresponding to Ni-SCO;eq and Ni-R(1) in the range between —499 mV
and —719 mV are described by curves with an apparent midpoint potential of —596 mV +
5 mV. The titration was fully reversible at 25 °C.

active states in the presence of CO at 4 °C resulted in the formation of
Ni-B in approximately one third of the hydrogenase molecules in the
sample (Fig. S2 of the Supplementary data).

3.3. FTIR experiments at low temperatures: Photodissociation of CO from
the Ni-SCO state

Fig. 5a shows the FTIR spectrum of the Ni-SCO state at 40 K. The
shifts observed in the positions of the bands with respect to those
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Fig. 5. (a) FTIR spectrum of the CO-inhibited enzyme from D. vulgaris Miyazaki F at 40 K
in the dark. The absorption band of the exogenous CO is found at 2061 cm™". (b) *CO-
inhibited hydrogenase in the dark at 40 K. The band of the exogenous '2CO shifts by
46 cm™ ! toward lower frequencies with respect to the exogenous '2CO band. (c) After
illumination, the absorption bands at 2061 cm~' (and 2015 cm™!, respectively)
disappear, corresponding to the light dissociation of the externally added CO molecule.
The light excited state is the Ni-SI, state (1946 cm™').

measured at room temperature (Fig. 3a, right) result from the more
restricted vibrational motion of the diatomic molecules [45]. Four
bands can be clearly observed in the spectra. The absorption band at
1941 cm™! corresponds to the CO terminally bound to iron and the two
peaksat 2072 and 2086 cm ™! are assigned to the conjugate CN ™~ ligands.
A fourth additional band at 2061 cm ™' corresponds to the externally
added CO bound to nickel. A similar spectrum has been obtained for the
Ni-SCO state of the [NiFe] hydrogenase from Allochromatium vinosum
[37,38], in which an absorption band at 2060 cm ™! was ascribed to the
extrinsic CO. Inhibition of hydrogenase using isotopically labeled '>CO
results in the spectrum shown in Fig. 5b. The absorption band corre-
sponding to the externally added CO shifts by 46 cm™' to 2015 cm ™",
whereas the positions corresponding to the intrinsic ligands bound to
iron remain unchanged.

It is known that the external CO can be photodissociated from the
active site at temperatures below 100 K [32,34,37]. The spectrum after
illumination at 40 K is shown in Fig. 5c. In this spectrum only three
bands are observed, which correspond to the CO and the CN™ ligands
bound to Fe. The fourth band associated with the external CO at
2061 cm™ ' (orat2015cm™!, in Ni-S'3CO) is absent, showing that the
external CO is no longer attached to the active site. The light-induced
state corresponds to the Ni-SI, state (Table 1). Dissociation of the
exogenous CO ligand occurs at temperatures equal to or lower than
100 K, but a complete photoconversion to Ni-Sl; (100% of the
molecules in Ni-SCO) takes place only below 50 K.

3.4. Rapid-scan FTIR: Kinetics and activation energy for the reassociation
of CO in the Ni-SI, state

In the absence of light, the dissociated carbonyl ligand rebinds to
the active site and the Ni-SCO state is reformed. This process is
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b exp Ni-Sl, 1 fast c
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Fig. 6. (a) Three-dimensional representation of an FTIR light-minus-dark difference
spectrum corresponding to the back conversion from Ni-SI, to Ni-SCO as a function of
the dark adaptation time at 78 K. (b) Time-dependent Kinetics of the disappearance of the
Ni-SI, state in the dark was exponential and fitted by a biexponential model. The respective
slow and fast components are shown in green and light blue. (c) Arrhenius plot for the fast
and slow rebinding processes between 78 K and 95 K.
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Table 2
Activation energies (E,) for the rebinding of exogenous CO.
State Type of fitting E, (k] mol~")
Ni-SCO/Ni-SI, Biexponential (fast) 8.0
Biexponential (slow) 8.8
Single exponential 9.2

The error in the determination of energies is 4 8%.

completely reversible. Fig. 6a shows the time dependence of a light-
minus-dark difference infrared spectrum in a three-dimensional
representation at 78 K. The positive bands correspond to the Ni-SI,
state (light product) and the negative bands correspond to Ni-SCO
(educt state). At time t =0, the first slice of the spectrum represents
the maximum difference, i.e., the maximum conversion from Ni-SCO
to Ni-Sl,. As the time of dark adaptation is incremented, Ni-SCO
recovers and Ni-SI, decreases in intensity. The resulting kinetics are
biexponential, consisting of fast and slow components.

In Fig. 6b the kinetics of the disappearance of the Ni-SI, state are
shown along with the corresponding data fits and components. No
other intermediate states were detected within the time resolution of
these experiments. The temperature dependence of the rate constants
was examined in the range between 78 and 95 K for both slow and fast
reassociation processes (Fig. 6¢). The activation barrier for the
reassociation of the extrinsic CO ligand was estimated by analyzing
the kinetics of both the Ni-SCO recovery and the Ni-SI, disappear-
ance, which were the same (within experimental error). The
activation energy corresponds to approximately 9 kj mol~". Results
are summarized in Table 2. Activation energies assuming single
exponential back conversion kinetics are also included.

3.5. EPR experiments: Formation of the paramagnetic Ni-CO state

In the present study, the interaction of CO with the [NiFe]
hydrogenase from D. vulgaris Miyazaki F under physiological condi-
tions yielded only one state in two different EPR-silent forms (Ni-SCO
and Ni-SCO,¢q). Ni-SCO was shown to be light sensitive, which was
also found for the catalytically active Ni-C state. However, reassocia-
tion of CO to the active site takes place at lower temperatures as
compared to the rebinding of the hydrogenic species in the Ni-C state
[30]. On the basis of this observation, the hydrogen reduced
hydrogenase (Ni-C) was allowed to interact for only 1 min with
carbon monoxide (see Experimental procedures). The respective EPR
spectrum at 40 K (Fig. 7a) shows no changes in the Ni-C state signal
(g8x=2.20, g,=2.15, g,=2.01) [29], except for a decrease of
approximately 20% in its signal intensity (data of Ni-C without CO
in the frozen solution are not shown). [llumination of the sample for 5
min at 40 K in the resonator of the EPR spectrometer resulted in the
formation of the Ni-L state, described by a signal with values
g¢=2.30, g,=2.12, and g,=2.05 (Fig. 7b). An additional rhombic
signal was also present in both spectra (g,=2.21, g,=2.09 and
g,=2.03). This corresponds to a non-light-sensitive state and its
amount depends on the purification procedure; it has previously been
observed when the enzyme was treated with CO or Na,S [24,58].
Based on the g-values and its relaxation behavior, it is most likely
associated with a different conformation of the [NiFe] active site. To
create the paramagnetic Ni-CO state, CO has to compete with the
hydron for binding to the site of the Ni-L state [35]. Dark adaptation of
Ni-L at 77 K showed, along with the Ni-C state, a new signal with a
rhombic g-tensor. This signal is similar to the one observed in
A. vinosum [32,35] and in Methanococcus voltae [46] hydrogenases
treated with CO and is associated with a paramagnetic Ni-CO state.
Dark adaptation after a second illumination of the sample yielded the
maximum amount of EPR-detectable Ni-CO in the spectrum (Fig. 7c),
in which all g-values can be clearly identified (gy=2.13, g,=2.08 and
g2,=2.02).

4. Discussion
4.1. Electrochemical titrations and redox equilibria

Carbon monoxide has a high affinity for binding to transition
metals [47]. In the case of the [NiFe] hydrogenases, binding of CO to
the active site [34] is a process that hinders catalytic function and
renders the enzyme inactive [33]. In the present work, a series of
electrochemical measurements was carried out for the [NiFe]
hydrogenase from D. vulgaris Miyazaki F and redox changes were
followed by FTIR. The results can be summarized as follows:

(1) Carbon monoxide interacts only with the catalytically active
state Ni-SI,, in line with previous observations [48,49]. The
FTIR spectrum of Ni-SCO strongly resembles that of Ni-SI, with
respect to the bands of the diatomic Fe ligands, which show a
constant shift of 2 to 3 cm™ . This suggests that the active site
conformation is only slightly distorted after binding extrinsic
CO to nickel. The stretching vibration of the external CO
centered at 2056 cm™ ! suggests a weak T back-bonding,
further supported by the X-ray structures of the CO adduct in
D. vulgaris, which showed a terminally bound CO ligand with a
bond length of 1.136 A [34], close to the one for a free CO
molecule (1.13 A).

g factor

2.4 2.3 2.2 21 2 1.9

280 290 300 310 320 330 340 350 36
magnetic field, mT

Fig. 7. EPR spectra of the [NiFe] hydrogenase from D. vulgaris Miyazaki F at 40 K. (a)
Enzyme of the H, reduced sample (Ni-C) after interaction for 1 min with carbon
monoxide, (b) same as (a) but after illumination for 5 min (Ni-L state). A rhombic non-
light-sensitive signal often observed is denoted with an asterisk (see text). (c) The same
sample after a second illumination-dark adaptation cycle (dark adaptation was carried
out at 77 K). The majority of the enzyme is in the Ni-CO state described by a rhombic g-
tensor with principal values g,=2.13, g,=2.080 and g,=2.019. Experimental
conditions: T=40 K, microwave frequency 9.454 GHz, modulation amplitude 0.7 mT,
microwave power 2 mW, except for (c), which was 6 mW.
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CO does not bind to the oxygen inhibited states (e.g., Ni-A, Ni-B,
(Ni-SI;);,) or to the active Ni-C/Ni-R states due to the presence
of more electronegative ligands in the active site of these states
and the overall electronic properties of the [NiFe] complex, which
has a distorted octahedral geometry. In Ni-SI, however, the
nickel ion is in the divalent state and most of the proposed
catalytic schemes are consistent with a four-coordinated nickel
in a high spin state (S=1), which would retain the octahedral
geometry of the complex [5,50]. A recent theoretical study
showed that only models of Ni-SCO, considering a high spin
nickel state, could reproduce the FTIR experimental results [51].
Therefore, the absence of additional non-protein ligands in the
active site (i.e., oxo-based species or substrate-related ligands)
and the electronic configuration of the nickel ion govern the
interaction of CO with the [NiFe] center resulting in binding of
carbon monoxide only to the active Ni-SI state.

Hydrogenase is shown to be reactivated from the oxygen
inhibited forms easier in the presence of CO. It was observed
that in the presence of CO, transition to the functional
intermediates occurs at significantly higher redox potentials
than without CO (Fig. 2). This finding has been reported in
various studies [52,53] but so far no definite explanation for
this acceleration in the activation times has been substantiated.
At an applied potential of —419 mV, a small shift in the bands of
Ni-SCO (1 to 2 cm™~ ' toward lower frequencies) was observed,
which was maximized at —499 mV (Ni-SCO,eq). All four
vibrational bands shifted slightly, suggesting a redistribution of
the delocalized electronic density at the [NiFe] site [54]. To
correlate formation of Ni-SCO,eq (1939 cm™!) with a possible
redox change of nickel, the Ni-SCO state was reduced with
sodium dithionite and the EPR spectrum was recorded. No
additional signals could be observed, except for a weak Ni-C
signal (data not shown). Both Ni-SCO and Ni-SCO,.q are thus
EPR-silent, as previously demonstrated [36]. Conversion from
Ni-SCO to Ni-SCO,.q Was reversible and could be titrated as a
one-electron process. Such a transition involves no redox
change in the binuclear active site but is suggested to be
connected with reduction of the proximal [4Fe4S]* /! cluster.
This has been shown previously for the [NiFe] hydrogenase
from D. fructosovorans, by comparing the UV/VIS spectra of the
Ni-SCO/Ni-SCO,eq states [36]. The midpoint potential found
here is in good agreement with the redox potential for the
reduction of the [4Fe4S]*™/'* proximal cluster in D. vulgaris
[55]. A change in the electrostatic interaction between the
proximal [4Fe4S]**/1* cluster and the [NiFe] site therefore
alters the electron density distribution on the bimetallic site,
resulting in the small shift of the infrared bands.

At —499 mV, the Ni-C state is present in the spectrum of
Ni-SCO,eq (Fig. 3c, right), whereas at more negative potentials
a small increase of Ni-C and a larger increase of the Ni-R states is
observed (Fig. 3d and f, right). A form of electrochemical cleavage
of the Ni-CO bond of the externally added CO appears to take
place, which is complete at —739 mV. At this potential only the
active states (i.e., Ni-C, Ni-R(1,2)) were detected (Fig. 3e, right).
Transition from Ni-SCOyeq to Ni-R(1) was fitted as a one-electron
process with a midpoint potential of —596 mV (Fig. 4). The
appearance first of the Ni-C state and the involvement of one
electron from the Ni-SCO,.q to the Ni-R transition leads to the
conclusion that upon removal of the external CO ligand,
hydrogenase is left in the Ni-SI, state. Depending on the potential
and on the amount of redox equivalents, transition to Ni-R from
the Ni-SI, state takes place with or without Ni-C as a detectable
intermediate. This has been shown by stopped-flow infrared
studies on A. vinosum [38,49], where in the presence of excess
hydrogen and with both [4Fe4S] clusters reduced, a direct
transition of Ni-SI, to Ni-R was observed. Most likely, in this case,

Ni-C is an extremely short-lived intermediate. In addition,
appearance of the Ni-C state under very reducing conditions
(below the redox potential for the Hy/H* couple) results from
the [NiFe| hydrogenase turnover (H, evolution) activity.

4.2. 13C0 isotope labeling

Isotopic labeling of Ni-SCO with '3CO shifts the band of the extrinsic
carbonyl by 46 cm™! toward lower wave numbers (larger reduced mass
relative to '2C0O). This shift is in agreement with that theoretically
predicted for a “pure” CO vibration (V;3c0=0.97771-V15c0) [56]. In
this case, the Cotton Kraihanzel Force Field (CKFF) [57,58] approxi-
mation permits calculation of the stretching parameters, by taking into
account only the CO displacement and ignoring the metal carbonyl
frequencies. An estimation of the force constants and the extent of
metal-to-carbon m donation can be made. A relatively small force
constant? k~1665N/m was obtained, showing a weak 1 back-
bonding with a small degree of metal-to-carbon electron donation. The
FTIR bands corresponding to the intrinsic carbonyl and cyanide ligands
bound to iron do not shift upon labeling. This shows that there is no
vibrational coupling between these diatomic oscillators and the
externally added CO bound to nickel.

4.3. Photodissociation and reassociation kinetics of the external
CO ligand to nickel

In Ni-SCO, the extrinsic CO is photolabile at temperatures <100 K.
The light-induced state corresponds to Ni-SI,. The infrared bands of
the Fe ligands associated with Ni-SI,, occur at higher frequencies
compared to those of Ni-SCO. This indicates that dissociation of the
carbonyl ligand (2061 cm ™) at the nickel results in a small decrease
of the electron density at the iron. Illlumination of Ni-SCO,¢q (data not
shown) also resulted in the formation of Ni-SI, but was only effective
at temperatures below 80 K. These results show that Ni-SI; and
not Ni-R(1,2) binds CO, leading to formation of the EPR-silent Ni-
SCO/Ni-SCOy¢q States.

The cleavage of the Ni-CO bond upon illumination is reversible at
T<100K. Rebinding of CO takes place in the dark following
biexponential kinetics, consisting of slow and fast components
(Table 2). Such a biphasic nature could have a physical interpretation,
since the CO ligand does not bind in a linear form to nickel, but the
bonding is governed by an angle distribution 161°<@<136° [34].
This spread in the bonding modes could account for the composite
nature of the recombination kinetics observed. Due to the restricted
mobility of the bound carbonyl at these temperatures, the slightly
different conformations are almost degenerate. This is illustrated in
the activation energies for the rebinding of CO, which are very similar
(Table 2). The activation barrier was estimated to between 8 and 9
kJ'mol~". Transition from Ni-SI, to Ni-SCO is a first-order process
without intermediates. The back conversion kinetics for the disap-
pearance of Ni-SI, and increase of Ni-SCO are exponential, in contrast
to the rebinding of CO to myoglobin (Mb) [60,61] in a similar
temperature range. Activation energies for CO rebinding in Mb are
between 5 and 30 kj mol~' [60-62], which are comparable to or even
larger than the energy threshold required for the carbonyl to rebind
to nickel in hydrogenases. These results show a considerable degree
of similarity in the rebinding of CO to divalent transition metals
(i.e., Ni2*, Fe2™), which may be of significance as both proteins are
reversibly inhibited by CO.

4 The force constant k for a free CO molecule considering an infrared frequency
7=2153 cm 'is 1872 Nm™ .
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4.4. The paramagnetic Ni-CO state

In the present work, the paramagnetic Ni-C state was shown not
to interact with CO, in agreement with previous studies [35].
Incubation with carbon monoxide results in the gradual disappear-
ance of the EPR signal corresponding to Ni-C (Fig. 7a). This occurs as
the concentration of CO in the protein solution becomes high enough
to shift the redox equilibrium toward the Ni-SI, state (Ni2*, EPR
silent), in which CO can bind.

Ni-C is light sensitive and illumination leads to the paramagnetic
Ni-L state. The bridging hydride has been proposed to be dissociated
as a proton, which would leave the nickel in a formally monovalent
state (Ni'") [2,35,63] in Ni-L°. Dark adaptation of Ni-L in the
presence of CO leads to the paramagnetic Ni-CO state (Fig. 7c), as
rebinding of CO to the active site occurs at lower temperature with
respect to the recombination of the hydrogenic species [30]. The
paramagnetic Ni-CO has been well studied in A. vinosum [32,35] and
M. voltae [46], whereas the present study is the first report for a
hydrogenase from sulfate reducing species such as D. vulgaris
Miyazaki F. Ni-CO is described by a rhombic spectrum with g-values
significantly smaller than those of the other paramagnetic states of
hydrogenase (i.e., Ni-A, Ni-B, Ni-C) [4]. This is a consequence of the
binding of CO to nickel, which results in a larger ligand field splitting
of the molecular orbitals involved and thus in smaller g-values.

Furthermore, from a chemical point of view, CO would not bind to
Ni*. The reason is that carbon monoxide is a weak o donor and a
strong T acceptor. Therefore, in a Ni** situation, CO would have to
donate the lone pair to nickel, but the back donation from nickel to CO,
which would stabilize the bond, is not feasible due to the large
positive charge on the Ni*™. Density functional theoretical studies
are also consistent with a monovalent nickel center in both Ni-CO and
Ni-L states [63], where the g-values and the 3CO hyperfine param-
eters were in good agreement with the experimental data [32,63]. We
thus conclude that the Ni in the Ni-CO and Ni-L states is formally
monovalent Ni'™ and therefore the paramagnetic Ni-CO can be
obtained only upon interaction of carbon monoxide with the light-
induced Ni-L state.

5. Conclusions

The current study presents results on the characterization of the
CO-inhibited states in the [NiFe] hydrogenase from D. vulgaris
Miyazaki F by FTIR and EPR spectroscopies. A paramagnetic CO-
inhibited state can be formed by treating a solution containing Ni-C
with carbon monoxide followed by illumination to generate Ni-L, in
which the nickel ion is in the 1+ state (monovalent). Based on the
different rebinding kinetics during dark adaptation, binding of CO to
Ni-L is favored as compared to the insertion of the hydride. The
resulting Ni-CO state is proposed to be monovalent since it can be
obtained only upon interaction of CO with Ni-L. On the other hand,
two diamagnetic CO-bound complexes, Ni-SCO and Ni-SCO,q, can be
formed by the binding of carbon monoxide to the active form Ni-SL,.
The one-electron difference between the latter is attributed to the
reduction of the proximal [4Fe4S] cluster. At negative redox potentials
below —500 mV, the Ni-CO bond can be “electrochemically cleaved”
and the enzyme can recover its enzymatic activity despite the
presence of CO in solution. Previous studies for enzymes derived
from different organisms exhibited similar results. Differences are
found for the absolute values of the redox potentials of the respective

5 Ni'* spectra of model compounds are described by an axial g-tensor, but
depending on the ligands they can also show a rhombic g-tensor. The distinction
between Ni'* and Ni** is not straightforward from EPR. Ni'* would be in agreement
with a d° configuration and the unpaired electron in the d, y2 orbital. However, the
energy difference between the d? and dy, y2 orbitals might not be large in this case,
which would result in a significant mixing of these two orbitals [¢4].

processes and for the extent of the CO “electrochemical detachment”.
Furthermore, in our experiments neither (Ni-Sl;); nor Ni-C was
shown to interact with CO. A rapid-scan FTIR study on the kinetics of
the CO rebinding to the active site quantified for the first time the
activation barrier for such a process, showing a weak metal carbonyl
in the [NiFe] hydrogenases consistent with values reported for other
metalloproteins such as myoglobin.
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