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Intermediates in the Catalytic Cycle of [NiFe]
Hydrogenase: Functional Spectroscopy of the Active Site

Maria-Eirini Pandelia, Hideaki Ogata, and Wolfgang Lubitz*"

The [NiFe] hydrogenase from the anaerobic sulphate reducing
bacterium Desulfovibrio vulgaris Miyazaki F is an excellent
model for constructing a mechanism for the function of the
so-called ‘oxygen-sensitive’ hydrogenases. The present review
focuses on spectroscopic investigations of the active site inter-
mediates playing a role in the activation/deactivation and cata-
lytic cycle of this enzyme as well as in the inhibition by carbon

1. Introduction to [NiFe] Hydrogenases

Hydrogen conversion by the enzyme hydrogenase has become
a field of intensive research in recent years due to a continu-
ously increasing interest into attaining hydrogen-based energy
sources." Hydrogenases™ are involved in the metabolic ma-
chinery of a wide variety of microorganisms by catalysing the
reversible heterolytic splitting of dihydrogen according to the
elementary reaction (1):"”

H, =H + H"= 2H" 4 2e” (M)

The production and engineering of hydrogenases is pivotal
for the design of biocatalysts that are focused either on biohy-
drogen generation or on the biofuel cell/biosensors con-
cept.>¢

On the basis of the metal content of their active site hydro-
genases can be classified into three distinct categories: [NiFe],
[FeFe] and Hmd or [Fe] hydrogenases."*"® The present work is
focused on the study of the [NiFe] class and in particular on
the hydrogenases derived from sulphate reducing bacteria,
with the Desulfovibrio (D.) vulgaris str. Miyazaki F (MF)" serv-
ing as a selected representative. D. vulgaris MF is a d-proteo-
bacterium with its complete genome sequenced. It is a strict
anaerobe that gains energy for growth from the reduction of
sulphate to sulphide.'™ The [NiFe] hydrogenase involved in
this anaerobic respiration is a periplasmic enzyme attached to
the membrane with a tetrahaem cyt ¢ module as its physiolog-
ical electron acceptor."®' It has a molecular weight of approx-
imately 90 kDa and consists of two subunits;"® the large sub-
unit contains the hetero-bimetallic [NiFe] centre (known as the
active site) and the small subunit contains three almost linearly
arranged iron-sulphur cofactors, one [Fe;S,] cluster in-between
two low-potential [Fe,S,] clusters, that are involved in the elec-
tron transfer from and to the active site"” (Figure 1). Proton
transfer involves several possible pathways. The electron and
proton transfer pathways as well as the hydrophobic gas chan-
nel are indicated with arrows in Figure 1.2°22
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monoxide or molecular oxygen and the light-sensitivity of the
hydrogenase. The methods employed include magnetic reso-
nance and vibrational (FTIR) techniques combined with electro-
chemistry that deliver information about details of the geo-
metrical and electronic structure of the intermediates and their
redox behaviour. Based on these data a mechanistic scheme is
developed.

H possible

proton pathways

Cyss,
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CySag 4 electron transfer
\ chain
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i F ‘ A H"
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Figure 1. The active site and the iron-sulphur clusters of the [NiFe] hydroge-
nase from D. vulgaris Miyazaki F, embedded in the three-dimensional crystal
structure (PDB code 1WUJ), with the protein background illustrated as a
transparent ribbon. The electron transfer chain, the hydrophobic (H,) chan-
nel and the possible proton transfer pathways are indicated by arrows.
Colour code used: Ni (green), Fe (orange), Mg (light green), C (grey), O (red),
N (blue), and S (yellow). The [NiFe] active site has been enlarged and shown
on the left side. The vacant coordination at the Ni ion is indicated by a red
arrow; the additional bridging ligand (in white colour) is not further speci-
fied (see text).

The first crystal structures of [NiFe] hydrogenases were ob-
tained in 1995 for the D.gigas enzyme® and in 1997 for
D. vulgaris MF, with an improved resolution for the latter."®
The three-dimensional structure of the enzyme and its active
site are shown in Figure 1. The nickel and iron metal ions are
bridged by two cysteinyl residues; a third bridging ligand can
be present depending on the redox state of the enzyme. Fe is
additionally coordinated by three non-protein diatomic Ii-
gands, one carbonyl and two cyanides,*** and it retains a low
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spin and low oxidation state (S=0, Fe’") in all intermedi-
ates.”*?”) The physiological origin of the CN~ ligands has been
elucidated,”® while the origin of CO still remains unclear. The
nickel ion is further coordinated by two additional cysteinyl
residues in a terminal fashion. Heterolytic splitting of dihydro-
gen is proposed to take place at the redox active nickel ion. In
Figure 1, the open coordination site at the Ni opposite to the
apical Cys549 is indicated, which is available for contact with
substrate or inhibitor molecules. This is the position where the
inhibitor CO binds® and the hydrophobic channels end.
These channels were mapped out by Xe diffusion X-ray crystal-
lographic experiments in the D. desulfuricans®® and D. vulgaris
MF hydrogenases.®"

The [NiFe] hydrogenase from D. vulgaris MF belongs to the
group of the so-called oxygen-sensitive hydrogenases.* In the
present minireview it has been chosen as a representative ex-
ample. Its structure has been determined to very high resolu-
tion in the oxidised,"™® the reduced®® and the CO-inhibited
states,”” which have recently been reviewed.®" Its redox
chemistry consists of several intermediates that are involved in
the enzyme’s activation/inactivation, inhibition, light-sensitivity
and in the actual catalytic cycle. Additional information on
these states necessary for understanding the mechanism is
available from spectroscopy. Here the focus will be on the
characterization of the catalytic centre rather than the electron
and proton transport chains. The paramagnetic states are stud-
ied by EPR techniques yielding detailed information about the
electronic and also the geometrical structure." Both EPR-
active and -inactive states are amenable to infrared spectrosco-
py, in which the CO and CN™ ligands at the Fe serve as struc-
tural probes.”** The combination with electrochemical tech-
niques allows the pH-dependent determination of the redox
transitions. Together with quantum-chemical calculations these
and other techniques, like Mdssbauer® or XASE>3? spectros-
copies, are helpful in elucidating the details of the reaction
mechanism for the [NiFe] hydrogenases.**’¥ The aim of this
minireview is to give an overview of the current knowledge of
this metalloenzyme, relate it to other species and outline the
advantages and problems for the potential use of hydrogenas-
es in future energy technologies.

2. Spectroscopic Characterisation of the
Active Site Intermediates

2.1. Structure and Electronic Properties of Oxidised States:
Ni-A and Ni-B

The paramagnetic oxidised states of the enzyme are called
Ni-A and Ni-B. They differ in their time of reactivation under
hydrogen and/or reducing conditions; Ni-B (ready) can be acti-
vated within seconds, whereas Ni-A (unready) requires pro-
longed activation times.**” Many recent investigations are
centred on the spectroscopic and chemical differences be-
tween these states with the purpose to elucidate the origin of
their different properties. This is crucial in view of their distinct-
ly different reactivation kinetics“®*? and of recent observations
that in oxygen-tolerant hydrogenases the Ni-A state s
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absent.***'%¥ The determination of the exact chemical nature
of the [NiFe] centre in the oxidised states in the D. vulgaris MF
hydrogenase would therefore contribute greatly to an under-
standing of the oxygen inhibition in these enzymes.

The EPR spectra of Ni-A and Ni-B are characterised by rhom-
bic g-tensors with g-values: 2.32, 2.24, 2.01 and 2.33, 2.16,
2.01, respectively™® (see Figure 2 for an overview of the EPR

232 924
2,01
2.33 2.16
Ni-B
2.20 2.01
2.14
Ni-C
201
2.30 212
Ni-L

Figure 2. CW EPR spectra (X-band) of the paramagnetic states of the anaero-
bic [NiFe] hydrogenase from D. vulgaris MF. The ‘unready’ inactive Ni-A, the
‘ready’ active Ni-B state, the hydride carrying Ni-C state, the light-induced
Ni-L state (Ni-L2 according to accepted nomenclature"®"¥) and the CO-in-
hibited paramagnetic Ni-CO complex are shown (refer to text for details). In
the spectrum of Ni-CO, lines from an additional redox state are present, usu-
ally observed upon different treatments of the D. vulgaris MF enzyme. The
principal g tensor components are given at the respective positions.

spectra in D. vulgaris MF and Table S1 for g values). The g,
principal component is close to the free-electron g. value,
while the two other components are larger than g,, which is
typical for a Ni*™ with the unpaired electron (S=1/2) in the d,.
orbital.*® Single crystal EPR studies have shown that the direc-
tion of the z principal axis of the g-tensor in the oxidised
states is parallel to the direction of the bond between nickel
and the axial cysteine sulphur, which points from nickel to the
vacant axial coordination position (cf. Figure 1).*”*¥ The other
g tensor directions could also be determined. These data were
important for comparison with DFT calculations on active site
models of the hydrogenase and thus instrumental in the deter-
mination of the structure and orbital distribution of these spe-
cies.* EPR spectra of ®*'Ni-substituted samples in the oxidised
states showed that the major part of the unpaired spin density
is indeed localised at the Ni ion.”®>? ELDOR-detected NMR
(EDNMR) studies on the Ni-B state of D. vulgaris MF allowed
the determination of the complete S'Ni hfc tensor. On the
basis of a second-order crystal field theory approximation a
spin population of 0.44 at *'Ni was estimated.” The rest of
the spin density is distributed over the nickel ligands, in partic-
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ular the sulphur of Cys549. In Figure 3 (top) the unpaired spin
density distribution of a truncated model for the active site in
the Ni-B state is shown. The spin density at the nickel is 0.52,
at the sulphur of Cys549 it is 0.34 and at the Fe it is close to
zero (0.002).54
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Figure 3. *’Fe HYSCORE spectra of D. vulgaris Miyazaki F hydrogenase in the
Ni-B redox state recorded at the g, and g, canonical orientations and at
g=2.05 (Ogata et al. to be published). Experimental conditions: Q-band fre-
quency (~34 GHz), =336 ns, 256 x 256 data points, 5 K. (Top) DFT calcula-
tion: Contour plot of the unpaired spin density distribution (0.005 e/a,’) of a
truncated model of the active site in the Ni-B state (OH™ bridge). In the oxi-
dised ready Ni-B the spin density at the Ni is 0.52, at the axial sulphur of
Cys549 it is 0.34, at the terminal sulphur Cys546 it is 0.06 and 0.002 at the
Fe, resulting in a very small ’Fe hyperfine interaction."’!

That the Fe ion is diamagnetic (Fe’" low spin, S=0) has al-
ready been concluded earlier based on EPR and Méssbauer
spectroscopy on hydrogenases from other species,®>*® as well
as Q-band ENDOR measurements on *’Fe substituted samples
from D. gigas®>*" and D. desulfuricans. To precisely determine
the spin delocalisation at the Fe, a series of *’Fe HYSCORE ex-
periments were performed (Ogata etal., to be published). In
Figure 3 spectra for the Ni-B redox state recorded at the g, and
g, canonical orientations and at g=2.05 are shown as an ex-
ample. The *Fe hyperfine tensor is rhombic with the largest
component being A,=1.440.2 MHz; the isotropic hyperfine
coupling constant is 0.84+0.2 MHz. The tensor magnitude is
very similar to that reported previously for D. gigas for Ni-A®
and consistent with the density functional calculations.®

X-ray crystallographic experiments on the oxidised enzyme
detected additional electron density in the bridging position
between the two metals. EPR experiments with O,-labelled
gas®™ and H,'’O-enriched water™ have shown that an oxygen
species is present in the active site of both oxidised states that
can be derived either from the gas or the solvent water.
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These experiments revealed for Ni-B the presence of a
mono-oxo bridge between the two metal ions (Ni-Fe distance
2.7 R), however its exact chemical identity could not be eluci-
dated. Analysis of the EPR line shape for the Ni-B state in H,0/
D,0 exchange experiments showed the presence of an ex-
changeable proton in the vicinity of the spin carrying Ni-Fe
centre.®” Single crystal ENDOR and HYSCORE studies per-
formed on this (H/D) exchangeable proton in the D. vulgaris
MF hydrogenase led to the determination of the hyperfine
tensor and, together with DFT model calculations, to a deter-
mination of the position of this acidic proton.®"*? This identi-
fied the oxygenic ligand in Ni-B as a hydroxide (u-OH™) bridg-
ing the Ni and the Fe.

In the case of the Ni-A state,®” the two metal centres Ni-Fe
are found in a slightly longer distance (2.8 A) compared to
Ni-B. Up to date, the chemical identity of the oxo-based ligand
in Ni-A could not be determined with confidence. X-ray struc-
tural studies of the Ni-A state in D. fructosovorans ,*¥ and in D.
vulgaris MF®® have postulated a di-oxo or an SO species. On
the other hand, theoretical calculations support either a mono-
atomic oxygenic species similar to Ni-B or a hydroperox-
ide.6>%8) |nterestingly, in addition to a different bridging
ligand, both experimental and theoretical approaches consider
the possibility of sulfoxides (S=0) or sulfenic acids
(SOH)#>637 a5 a plausible origin for the differences between
Ni-A and Ni-B.*¢*%¥ |n support of the latter, studies with Ni
thiolate compounds have resulted in S-oxidation products
upon reaction with 0,"” though their formation in most of
the cases is irreversible”®”? or reversible only at very negative
potentials requiring a two-electron reduction.”

Previous investigations of the oxidised states in H,0/D,0
prepared samples from the A. vinosum hydrogenase, showed
the presence of an exchangeable proton in the vicinity of the
[NiFe] site only for the Ni-B state.*” However, HYSCORE experi-
ments on the D. vulgaris MF demonstrated the presence of an
(H/D) exchangeable ligand also in the active site of Ni-A.°"
This could be observed only after reductive activation with D,
in a D,0-based buffer followed by a subsequent reoxidation to
the Ni-A state. On the basis of this observation, the presence
of a non-protonated O*~ or SO molecule as bridging ligand
was excluded. The results show that there is an exchangeable
proton associated with the bridging ligand that in contrast to
Ni-B is not solvent accessible. In addition, a difference between
the magnitude of the hyperfine coupling corresponding to this
proton between Ni-A and Ni-B states was observed.

ENDOR experiments have been carried out on the Ni-A state
in single crystals of D. vulgaris MF hydrogenase in order to elu-
cidate the identity of the bridging ligand in Ni-A (Ogata et al
to be published), similar to previous experiments performed
on Ni-B."? Figure 4 shows ENDOR spectra of the Ni-A state at a
specific orientation of the single crystal with respect to the
magnetic field in both protonated and deuterated single crys-
tals. In the deuterated Ni-A state one 'H hyperfine coupling is
absent (indicated by the dashed lines) that is assigned to the
exchangeable proton of the bridging ligand. The ENDOR spec-
tra were analysed as has been previously described by using
the knowledge of the g tensor orientation with respect to the
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Figure 4. Q-band single crystal Davies ENDOR spectra of a sample in the
Ni-A state of the D. vulgaris Miyazaki F [NiFe] hydrogenase prepared in H,0O
(D,0)-based Tris buffer, subsequently reduced by H, (D,) and then reoxidised
using a protonated (deuterated) Na,S-containing buffer, respectively.®
These traces are taken from a series of spectra with rotation of the crystal
around the crystallographic c-axis in the ab plane. Upon (H/D) exchange a
proton hyperfine coupling clearly disappeared as indicated by the black
dotted line. The magnitude and the orientation dependence of the hyper-
fine tensor showed that this nucleus is in the vicinity of the spin carrying
[NiFe] centre. Its possible location in the [NiFe] complex is shown in the
lower part of this figure (Ogata et al. to be published).

crystallographic axes.*”*¥ The analysis of the angular depend-

ence of the hyperfine coupling gave, together with DFT calcu-
lations, a position of this exchangeable proton near the spin
carrying [NiFe] site that is depicted in Figure 4 (bottom). The
position of the proton and the calculated hyperfine couplings
of the bridging 7O and 'H are in closer agreement with a
bridging hydroxyl than with a hydroperoxide for Ni-A (Ogata
etal., to be published). The orientation of the proton in the
hydroxide of Ni-A is different from that in the Ni-B state.”

In the as-isolated, oxidised enzyme from D. vulgaris MF the
active site is found in a mixture of the Ni-A and Ni-B states.
The iron-sulphur clusters are then in their most oxidised forms;
[Fe;S,'" (§=1/2) and [Fe,S,*" (5=0)."*" At low tempera-
tures the EPR spectrum of the [Fe;S,]'" cluster can be ob-
served. Similar electronic characteristics for this centre have
been obtained in D. gigas and D. vulgaris MF hydrogenases.”®
By W-band EPR, the g-tensor of the [Fe;S,]'" in D. vulgaris MF
was measured (2.0257, 2.0174, 2.0114)"” and by Méssbauer
spectroscopy in D. gigas the inner electronic structure of the
[Fe,S,]'" as well as the spin projection factors of the three Fe
ions were determined.”®

A direct interaction between the [NiFe] site in the Ni-A/B
states and the [Fe;S,]'" is not observed in the EPR spectra
since the distance is too large (i.e. 2.1 nm). This can, however,
be measured by pulsed ELDOR (electron-electron double reso-
nance), as has recently been shown for D. vulgaris MF"® The
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experiment measures the dipolar coupling between the para-
magnetic [NiFe] and [Fe;S,]'" centres from which distance and
orientation can, in principle, be obtained; this information can
then be related to the crystal structure. The four-pulse ELDOR
time trace spectrum of the D. vulgaris MF hydrogenase in the
Ni-A state is shown is Figure 5. Using the point-dipole approxi-
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Figure 5. Baseline-corrected time trace obtained by a dead-time free four-
pulse ELDOR experiment performed on the oxidised state Ni-A of the [NiFe]
hydrogenase from D. vulgaris Miyazaki F (top). The dotted trace corresponds
to a simulation obtained either by the approximate Pake transformation
(APT) or the Tikhonov regularization. The experiment aims at the determina-
tion of the dipolar interaction between the two spin-carrying centres,
namely the [NiFe] site and the medial [Fe;S,]'" cluster (only these two metal
centres are illustrated—the in-between [Fe,S,] is not shown). The distance
distribution (shown in the inset) was estimated from the frequency of the di-
polar interaction is 1.80 nm (£ 0.07). The average distance between the Ni
centre that carries the majority of the spin and the ‘centre’ of the [Fe;S,]'" is
2.1 nm (PDB code 1WUJ) (bottom). Experimental conditions: B=3420 G with
Vet = 9.775 GHz (g4 = 2.043) and v;,, = 9.674 GHz (g;,, = 2.022), T=5 K (Pan-
delia, unpublished data).

mation, the measured frequency of 8.2 MHz, corresponds to a
distance of 1.80 nm, which is 0.3 nm shorter than the average
obtained from the crystal structure.® This deviation shows
that for a meaningful interpretation, distance measurements
between multicentre metal clusters have to consider the indi-
vidual spin projections and spin delocalisation of the centres
involved.”>® ELDOR measurements in ‘pure’ Ni-A and Ni-B
samples from the D. vulgaris MF hydrogenase performed in
this laboratory, yielded within error identical results. Thus, it
can be inferred that there is no major change in the spin distri-
bution and the distances between the dipolar coupled para-
magnetic centres in these two states.

On the basis of their FTIR frequencies the Ni-A and Ni-B
states are spectroscopically also not very different (Figure 6,
Table S2). Fourier transform infrared spectroscopy monitors the
IR frequencies corresponding to the intrinsic CO, CN~ ligands
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posed to retain the OH™ ligand
from Ni-B and the more proton-
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have a H,O loosely coordinated
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A very recent investigation on
the D. vulgaris MF hydrogenase
contributed to understanding
the structure of this state.®” In
that work, the (Ni-Sl,), state was
shown to be light-sensitive at
cryogenic temperatures, leading
to formation of a novel state
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Figure 6. Overview of the FTIR spectra corresponding to all observable redox intermediate states of the anaerobic
[NiFe] hydrogenase from D. vulgaris Miyazaki F. The states are divided according to the following subgroups; a) in-
active (oxygen-inhibited) and catalytically active intermediates, b) CO-inhibited state (Ni-SCO) using *CO and
3CO, and ) light-induced states. The light-sensitive intermediates are shown in light-minus-dark difference spec-
tra that relate them directly to the respective dark educt states. Each state has been assigned a different colour

for easier identification.

at the Fe that are very sensitive probes for electronic changes
in the active site of hydrogenases. Each redox state is charac-
terised by a set of three bands, one of high intensity in the
range 1900-1970 cm™' corresponding to the m-back bonded
CO and two less intense in the range 2040-2100 cm™' corre-
sponding to the vibrationally coupled CN~ ligands. An over-
view of the FTIR spectra of the various states of the [NiFe] hy-
drogenase of D. vulgaris MF is given in Figure 6. The CO and
CN~ stretching vibrations corresponding to the Ni-A and Ni-B
states are very similar, which shows for both states a similar
electron density delocalisation at the Fe, and consequently at
the [NiFe] site.

2.2. The One-Electron Reduced EPR-Silent States

Upon one-electron reduction of Ni-A and Ni-B, the Ni-SU and
Ni-SI, intermediates are respectively formed, while the medial
cluster is reduced to [Fe;S,]° Ni-SU and Ni-Sl, are EPR-silent
and catalytically inactive,"*"®? but have distinct FTIR spectro-
scopic signatures allowing their identification (Figure 6). The
Ni-SI, (‘silent ready’) state exists in two isoelectronic acid-base
forms, (Ni-Sl,), and (Ni-Sl)),, for which to date no solid structural
information exists. On the basis of different spectroscopic find-
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Ni-SL (see Figure 6). This photo-
induced transition is reversible.
Temperature dependent kinetics
of the back conversion from Ni-
SL to (Ni-Sl,), and a small (H/D)
kinetic isotope effect led to the
conclusion that the structural
changes upon illumination are
related to the bridging OH™
ligand. This suggests that the ligand remains still bound to the
active site of (Ni-Sl,). Wavelength dependence of the photo-
conversion revealed that light induces a nickel centred elec-
tronic transition that triggers rearrangement of this oxygenic
ligand. Displacement of the latter is feasible in (Ni-Sl,), and not
in Ni-B due to its weaker bond with the divalent nickel ion
(Ni**). The present results on D. vulgaris MF are in agreement
with the scheme proposed for enzyme activation in A. vino-
sum® and related oxygen-sensitive hydrogenases from sul-
phate reducing bacteria”? and is supported by relativistic DFT
studies on intermediates states of [NiFe] enzymes.®
One-electron reduction of Ni-A produces the Ni-SU ('silent
unready’) state. It has been proposed that the rate-limiting
step during the activation process from ‘unready’ hydrogenase
molecules is the first-order conversion of Ni-SU to the Ni-SI
states.® Ni-A has been shown not to react directly with H,
and a reductive step to Ni-SU is a prerequisite for the enzyme
to interact with hydrogen.”® The transition to Ni-SU is reversi-
ble at 2°C, while this is not the case for the inactive ready
states (oxidation from Ni-Sl, to Ni-B).E"” The FTIR spectrum of
Ni-SU has bands at slightly higher frequencies compared to
the Ni-A state. This is opposite to what is observed for the re-
duction of Ni-B to Ni-Sl, indicating a different character of the

1900
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respective electronic transitions. Up to present, the only excep-
tion was the D. vulgaris MF enzyme.®” However, it was recently
shown that the FTIR spectrum of Ni-SU in D. vulgaris MF is sim-
ilar to the ones reported in other standard hydrogenases
(Figure 6). The midpoint reduction potential at pH 8.2 was
found to be —278 mV,® in very good agreement with EPR
redox titrations for the reduction of Ni-A in D. vulgaris MF.7®

These one-electron transitions to the EPR-silent states are
coupled to proton transfer. A possible protonation of one of
the coordinating sulphurs has been thus postulated as crystal
structures have shown a high temperature factor for the termi-
nal Cys546™ that is located close to the suggested proton
transfer pathway®®¥ (Figure 1). This cysteine is replaced by a
selenocysteine in the subgroup of [NiFeSe] hydrogenases.® "

After reactivation the oxygenic species is no longer bound
to the active site and a transition to the Ni-Sl, state occurs. The
(Ni-SI), and Ni-Sl, states have been reported to have within
the spectral resolution identical FTIR spectra in the case of
A. vinosum,”*""®" whereas for other oxygen-sensitive enzymes
only the active Ni-Sl, (or Ni-Sl, according to some authors) is
proposed.”®'*

Regarding the spin state of the divalent nickel ion, only a
high-spin Ni** species with a distorted tetrahedral geometry is
in agreement with the one-electron reduced Ni-Sl,, states ac-
cording to calculations® ¥ considering a four-coordinated
nickel centre. This is further supported by Ni L-edge X-ray cir-
cular magnetic dichroism (XCMD) measurements on D. desul-
furicans and D. gigas.”™ However, there are studies that have
reproduced the experimental FTIR frequencies considering a
low-spin (S=0) nickel centre;**°” high level ab initio calcula-
tions also predict a singlet state for the Ni-Sl,, states rather
than a triplet.”® Theoretical results are very dependent on the
computed ground state and the functionals applied, thus no
unique answer has been obtained so far regarding the actual
spin state of these EPR-silent states. All models, however, are
in agreement with an elongated Ni-Fe distance of 2.8 A or
greater for this state, which is significantly longer than the one
found for the most reduced EPR-silent state, Ni-R, as discussed
below.

2.3. The Catalytic Intermediate Ni-C

Further reduction of the hydrogenase molecules in the Ni-SI,
state, yields the paramagnetic catalytic Ni-C intermediate. The
crystal structure of the reduced enzyme from D. vulgaris MF
(probably a mixture of Ni-C/Ni-R) did not show any additional
electron density at the position of the third bridging ligand;*®”
the two metals are now in a closer distance of 2.6 A.

The EPR spectrum of Ni-C in D. vulgaris MF (g=2.20, 2.14,
and 2.01) is very similar to that of all other [NiFe] hydrogenases
studied so far (Figure 2). It exhibits a smaller g-anisotropy com-
pared to the spectrum of the Ni-A/Ni-B states, but the g, prin-
cipal component remains close to the free electron g, value in-
dicating a Ni** d,. ground state. Single crystal EPR studies on
D. vulgaris MF have shown that the g, component points to-
wards the empty coordination site, indicating that the bridging
position in the equatorial plane of the molecule is occupied,
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similarly to the Ni-A/B states."™ Pulsed EPR spectroscopy
using (H/D) isotope labelled reduced samples contributed
greatly to the identification of this ligand. Ni-C in D. gigas was
shown to be accessible to solvent exchange in D,0 and ESEEM
measurements showed ?H hyperfine couplings indicative of a
hydron in close proximity to the metal ion."®" H/D exchangea-
ble ENDOR signals in the Ni-C state of D. gigas and D. bacula-
tum provided further evidence for a hydron binding in this
state;®” 19219 theoretical calculations predicted the binding of
a hydride.[%""“'m”

'H and *H HYSCORE and ENDOR experiments first on the
regulatory hydrogenase from Ralstonia (R.) eutropha™® and
later on D. vulgaris MF"®” using H/D exchange, uniquely identi-
fied a hydride ligand (H™, D) in the bridging position between
Ni and Fe. Its location was estimated from the analysis of the
hyperfine tensor and a point-dipole approximation, in good
agreement with DFT calculations on geometry optimised
models of Ni-C.'% |t is important to mention that the ?H Q-
band ENDOR study on D. gigas®” showed the presence of two
types of exchangeable protons in the Ni-C state; one ex-
changeable proton that has a large hyperfine coupling and
corresponds to the hydride ligand and a second smaller cou-
pling. The second coupling was proposed to correspond to a
water molecule near the active site. A final conclusion on the
assignment of this proton remains to be elucidated in view of
proposed structural schemes of Ni-C involving more than one
hydrogenic species in the active site.*>'%

EPR spectra of Ni-C at low temperatures (below 20 K) for the
A. vinosum, D. gigas and D. vulgaris MF hydrogenases show
complex (“split”) signals reminiscent of a magnetic interaction
between the [NiFe] site and the proximal [Fe,S,] cluster that
has become reduced to the paramagnetic [Fe,S,]'" state.’*78
This spin-spin interaction has been studied in detail for the D.
gigas hydrogenase'® and has also been detected for D. vulga-
ris MF®Y and A. ferrooxidans™® hydrogenases. Information
about the exchange interaction (J) as well as estimates of the
distances and relative orientations of the spin centres could be
obtained."™ Furthermore, the reduction potentials of the two
[Fe,S,] clusters have been estimated for D. gigas, A. vinosum
and D. vulgaris; they are lower than —300 mV.">7%™" These
clusters have been spectroscopically distinguished by Mossba-
uer spectroscopy.”™ The distal cluster (close to the surface, see
Figure 1) has a slightly more negative redox potential with a
value near to the one of the low-potential physiological ac-
ceptor cytochrome ¢,.!"”

The FTIR spectrum of Ni-C in D. vulgaris MF is described by a
high CO stretching frequency at 1961 cm™', while the coupled
CN~ vibrations are quite similar to those of Ni-Sl, (Figure 6,
Table S2 in the Supporting Information). The FTIR frequencies
and their shifts directly reflect changes in the valence state
and coordination environment of the Ni centre.? The influ-
ence of redox and protonation state of the [NiFe] active centre
on the length of the CO bond has been modelled by predict-
ing the CO bond distances as a function of the redox and pro-
tonation state.”® In the case of Ni-C the observed shift towards
higher frequencies indicates a shorter CO bond (lower electron
density at the Fe).
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In addition, a change in the protonation state of one of the
coordinating sulphurs has been inferred by the varying calcu-
lated atomic charges of these ligands and different Ni-sulphur
distances,"™® in agreement with X-ray crystallographic re-
sults.® A possible involvement of the terminal cysteine
Cys546 in the heterolytic cleavage of molecular hydrogen has
thus been postulated by a protonation of this sulphur ligand
in Ni'C.[105'H3]

2.4. The Fully Reduced State(s) Ni-R

The most reduced state of the enzyme is Ni-R and is reached
by one-electron reduction of Ni-C. The FTIR spectrum of the
Ni-R state in D. vulgaris MF, as well as in other standard hydro-
genases, is a mixture of two or more isoelectronic forms that
differ in their degree of protonation®" (see Figure 6). The elec-
tronic transition from Ni-C to Ni-R is accompanied by a small
increase of the electron density at the Fe, in agreement with
the lowering of the stretching frequencies observed by IR
spectroscopy. During catalytic turnover, Ni-C is the only state
in equilibrium with Ni-R*#>" suggesting that the hydride re-
mains present also in this state.*23>®°2 Ni-R is EPR-silent with
a divalent nickel proposed by theoretical calculations to be in
a high spin state (Ni*", S=1). All geometry optimised models
are in line with a hydride bridge and a Ni-Fe distance of 2.6 A,
fully compatible with X-ray data on D. vulgaris MF and D. bacu-
latum.[9°'99]

Ni-R can exist in up to three different protonation states,
while several transition states have been proposed in order to
account for a heterolytic splitting of dihydrogen. In this con-
text, an ONIOM theoretical study suggested the possibility of a
Ni'" species that can bind two hydrides leading to Ni** and
then results in a Ni** with a hydride bridge for Ni-R.""® More
recently, a series of possible structural models for the different
Ni-R forms of the D. vulgaris MF has been constructed on the
basis of a comparison with synthetic Ni-Ru complexes that can
perform heterolytic splitting of H,®"""%"" |n all possible forms
of Ni-R the presence of one or more hydrides is suggested;
this provides a stable coordination environment for the Ni ion
in all the catalytic intermediates that involves minimal confor-
mational changes, thus allowing for the very rapid catalytic
turnover of the enzyme observed.®?

3. Light-Induced Structural Changes in the
Active Site

Among the inactive oxidised states of the enzyme, the (Ni-SI,),
state from D. vulgaris MF has recently been shown to be light-
sensitive,® (see Figure 6 c and discussion above). The photoin-
duced process has been related to the displacement of the
oxygen-based ligand (OH") from the active site in this state, fa-
cilitated by the reduction of the nickel ion to Ni**. These ex-
perimental results have strengthened structural schemes for
the enzyme that support an oxo-bound species in the (Ni-Sl),
state.""'>® |t should be mentioned here, that Ni-A but not Ni-
B, has been demonstrated to be light-sensitive, but the yield
of the photoconversion product is substoichiometric (i.e. 5%
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of the Ni-A amount)® under the same conditions of illumina-
tion. The structural change in this case remains unclear.

The light sensitivity of the Ni-C species at cryogenic temper-
atures is a common feature of all [NiFe] hydrogenases. The
photoconversion of Ni-C to a paramagnetic state, termed Ni-L,
was spectroscopically identified by EPR first in A. vinosum™®
and later for several other hydrogenases."”"'%'2 This process
has been associated with the light-induced loss of the hydride
bridge, as shown by the disappearance of the signals corre-
sponding to this (H/D) exchangeable ligand in the HYSCORE
spectra.’% ! Up to three light-induced Ni-L states have been
identified, depending on the origin of the enzyme, and the du-
ration and temperature at which the illumination was per-
formed.%12%121 The EPR spectrum of Ni-L in D. vulgaris MF hy-
drogenase is characterised by a rhombic g-tensor with princi-
pal values of 2.30, 2.12, 2.05""” (Figure 2). The electronic prop-
erties of Ni-L are different from those of Ni-C; in particular, the
smallest g tensor component g, is shifted from 2.01 to 2.05.
This has prompted the suggestion that Ni-L is a formal Ni'*
centre, even though analysis of Ni L-edge XAS spectra reveal
no significant change in the oxidation state of the nickel
ion."?? DFT calculations of Ni-L models support a formal Ni'*
with a vacant bridge, proposing that the hydride is lost upon
illumination as a proton that is transferred to a nearby base."*’
A more detailed analysis of the electronic structure of Ni-L
shows that this species is best described by a mixed d,./d,._,.
ground state.'

FTIR spectroscopy has shown that upon illumination the
bands corresponding to the Ni-C state disappear and are re-
placed by stretching vibrations of Ni-L at lower frequencies. A
light-minus-dark FTIR difference spectrum for the D. vulgaris
MF hydrogenase is shown in Figure 6c. Rapid scan kinetic
measurements (Figure 7a) showed that rebinding of the hy-
dride ligand as a proton is a first-order process.*” The deter-
mined activation barrier is 46 kJmol™'. Back conversion in the
dark to Ni-C was investigated by studying the rebinding kinet-
ics of this ligand in protonated (H,/H,0) and deuterated (D,/
D,0) samples. The primary kinetic isotope effect on the re-as-
sociation rate constants lies between 5 and 7 (Figure 7 ¢, KIE=
5.9 at 155 K) and demonstrates that the proton transfer is the
rate-limiting step during back conversion from the Ni-L to the
Ni-C state.

The Ni-R state in D. vulgaris MF has also been shown to be
light-sensitive.'” The photo-induced transition is suggested to
correspond to the displacement of a ligand bound to the
active site, which on the basis of proposed structural schemes
is most likely a hydride ligand.

4. Inhibition of the Enzyme by Carbon
Monoxide

It has been shown that carbon monoxide inhibits the catalytic
function of hydrogenase enzymes.'”*'?” FTIR and EPR experi-
ments with '>CO labelled gas on A. vinosum as well as X-ray
crystallographic studies on D. vulgaris MF have demonstrated
that the exogenous CO ligand binds to the nickel ion in the
active site.”>*® This indicates that the nickel is indeed the site

1133

www.chemphyschem.org


www.chemphyschem.org

PHYS

a
Ni-C
% ° 21-00 2;&;;-;&_671980 1940 1900
v/em’
-2
1 b
Ni-L > Ni-C
] E,= 46 kJ mol”'
7
=
£ 5
-84
5.8 62 | 66 70
10%T/K'
) c
2 5]
Q
2
§ 0] 4HMO RS DD
8 |/
x Ni-C
* 155 K KIE=5.9
-6 . i . ,
0 2000 4000 6000
tl's

Figure 7. a) Three-dimensional presentation of the time evolution of the
light-minus-dark FTIR difference spectra of the H, reduced hydrogenase
from D. vulgaris Miyazaki F at 150 K after switching off the light. b) Arrhenius
plot of the temperature dependence of the kinetic rates in the range be-
tween 170 and 140 K for the H, reduced enzyme. The activation barrier for
the conversion was estimated to 46 kJmol™". ) (H/D) kinetic isotope effect
on the Ni-L to Ni-C back conversion showing the rebinding of a proton as
the rate determining step. The KIE at 155 K was 5.9.1%%

of hydrogen attachment and conversion. Two electronically
distinct CO-inhibited states have been observed; an EPR-silent
(Ni-SCO) and a paramagnetic (Ni-CO) species. Binding of
carbon monoxide to the active Ni-Sl, state, results into the for-
mation of two EPR-silent CO-bound complexes (Ni-SCO and
Ni-SCO,.).'?*'?" The one-electron difference between these
states is attributed to the reduction of the proximal [Fe,S,]
cluster®'?% in the latter. In D. vulgaris MF as well as in D. de-
sulfuricans, the extrinsic carbonyl appears in the FTIR spectra at
a frequency of 2056 cm™', showing a similar weak m-back
bonding to the nickel (Figure 6b).

The paramagnetic CO inhibited state can be formed by
treating a solution containing Ni-C with carbon monoxide fol-
lowed by illumination to generate Ni-L, in which the nickel ion
is in the Ni'" state (monovalent).'**” Based on the different
rebinding kinetics during dark adaptation, binding of CO to
Ni-L is favoured as compared to the insertion of the hydride.
The EPR spectrum of the Ni-CO in D. vulgaris MF is character-
ised by a rhombic g-tensor with principal values 2.13, 2.08,
2.02 (Figure 2). These g-values resemble those reported previ-
ously for the A. vinosum and Methanococus (M.) voltae hydro-
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genases,”® 3" showing that enzymes derived from different or-
ganisms have a similar electronic structure. The experimental
data could be accurately reproduced by DFT calculations con-
sidering a formal Ni'* species with an axially bound CO to the
nickel.*? This accounts for the fact that Ni-CO can be generat-
ed only upon interaction with Ni-L and not with Ni-C, since
binding of carbon monoxide to a Ni** is chemically unfavoura-
ble. The g-values of Ni-CO are significantly smaller than those
of the other paramagnetic states of hydrogenase (i.e. Ni-A,
Ni-B, Ni-C, Ni-L, see Table S1 in the Supporting Information).
This is a consequence of the larger ligand field splitting in-
duced by the binding of the CO to nickel. The Ni-CO converts
reversibly to Ni-L upon illumination/dark adaptation.

Light-induced effects on the Ni-SCO state have been exam-
ined by FTIR experiments on A. vinosum™ and X-ray crystallo-
graphic studies on D. vulgaris MF?® The Ni-SCO state is light-
sensitive, leading to the photolysis of the extrinsic CO bound
to the nickel. In the case of the D. vulgaris MF hydrogenase
and at temperatures below 100 K, the Ni-SCO state converts to
Ni-Sl, that is identified as the only photoproduct. This is in
agreement with results showing that Ni-Sl, is the only physio-
logical state of the enzyme that has the affinity for binding CO.
The Ni-CO bond can be restored in the dark; the CO recombi-
nation rate constants are of bi-exponential character and the
activation barrier is determined to be 9 kJmol™" approximate-
Iy.'** This lies well within the range of the energy range re-
ported for a reversible rebinding of CO in other metallopro-
teins, for example, myoglobin."*¥

5. Interactions of the Active Site with the
Protein Surrounding

The [NiFe] centre is bound to the polypeptide backbone by 4
cysteine residues (Figure 1), which play a major role for the
structure, the electronic properties and the catalytic function
of the enzyme. EPR experiments have clearly demonstrated
the ability of these soft ligands to affect the spin and charge
density delocalisation, thereby changing the electronic proper-
ties of the metal site. Furthermore the sulphurs can act as a
“base” for the protons that are involved in the hydrogen con-
version process. On the other hand, these sulphurs are also
amenable to oxidation, which might be implicated in reactions
with molecular oxygen. In addition to these direct ligands of
the active site there are other interactions with the protein sur-
rounding, for example, hydrogen bonds, that play a role in the
geometrical stabilization and fine tuning of the electronic and
catalytic properties of the [NiFe] centre. These hydrogen bond-
ing interactions are depicted in Figure 8.

Pulsed EPR experiments on the Ni-A and Ni-C states of the
D. gigas hydrogenase, identified signals attributable to a "N
nucleus in close proximity of the active site."”" Based on the
magnitude and asymmetry of its quadrupolar interaction, this
was assigned to a remote nitrogen of an imidazole group. Sig-
nals of this "N nucleus were shown to be present also in the
case of the D. vulgaris MF enzyme!*' and were assigned to the
N, of a histidine (His88) that coordinates the apical Cys549 and
is strictly conserved in all catalytic hydrogenases (Figure 8). In
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Figure 8. Three-dimensional structure of the active site of the [NiFe] hydro-
genase from D. vulgaris Miyazaki F in the Ni-B state (PDB code TWUJ). The
putative hydrogen bonds to the direct ligands of the [NiFe] complex are
represented with dotted lines.

support of this assignment, similar studies on the Ni-C state of
the H,-sensing hydrogenase from R. eutropha, in which this
residue is replaced by a glutamate, showed no such "N sig-
nals.'*¢" A site-directed mutation of this glutamate to a histi-
dine residue recovered the resonances of this '*N nucleus in
the ESEEM spectra, as observed in D. gigas and D. vulgaris hy-
drogenases. ' 10"

A more detailed pulsed EPR and HYSCORE examination fully
supported the nitrogen coordination of the active site in D.
vulgaris MF™” by His88, using natural abundance and "N-en-
riched histidine samples as well as a comparison with DFT cal-
culations. The effect of the hydrogen bond between His88 and
Cys549 on the local structure of the [NiFe] active site was ex-
amined and it was shown to fine-tune its electronic properties,
denoting its important role in the function and catalytic activi-
ty of the enzyme.'*”

On the basis of the crystal structures available, each of the
cyanide ligands bound to the Fe can form up to two putative
hydrogen bonds with nearby amino-acid residues (Figure 8).
Such interactions are probably important for a fine tuning of
the redox potential of the metal and the active site in gener-
al."* The hydrogen bonding has been experimentally demon-
strated by FTIR spectroscopy on the D. fructosovorans hydroge-
nase, for which these amino-acids were mutated to residues
that cannot form hydrogen bonds."* This resulted in shifts in
the FTIR spectra only of the CN™ stretching vibrations. In addi-
tion, for the D. vulgaris enzyme it was shown in our laboratory
that the hydrogen-bonding and/or electrostatic interactions of
the active site with these neighbouring amino-acid residues
can be modulated by the colour of the monochromatic light
used for illumination at low temperatures (<40 K). A light-in-
duced isomerisation has been postulated.®¥ The exact reason
for this ‘perturbation’ of the hydrogen-bonding network
around the CN~ ligands is still unclear.
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6. Integrating Spectroscopy and
Electrochemistry:

6.1. Hydrogenases in Solution and Adsorbed on Surfaces

The widely applicable method of protein film electrochemistry
(PFE) uses the adsorption of the enzyme directly onto an elec-
trode surface that plays the role of its redox partner.” ™% Using
PFE the reaction of the D. vulgaris MF enzyme with sulphide
(H,S) has been examined in view of the presence of a “p-sulfi-
do” species previously reported for the Ni-Fe bridge.'® It was
shown that active hydrogenase adsorbed on a rotating pyro-
lytic graphite electrode reacts reversibly with hydrogen sul-
phide in a pH-dependent manner" Enzyme inactivation
occurs only if a hydrogen sulphide solution is injected at po-
tentials more positive than 4+ 100 mV. This inactivation is most
likely related with the formation of an adduct with a sulphide
ligand. However, the biological relevance of such a state still
remains unclear, since it is formed only at very oxidising condi-
tions.

Cyclic voltammetry and a variety of chronoamperometric ex-
periments can be carried out under varying conditions of tem-
perature and gas composition (i.e. N,, H,, O,, CO, etc.) with the
aim to study inter-conversion between active/inactive forms,
electron-transfer rates and reactions with inhibitors."*>'*3 How-
ever, this method alone is not adequate to obtain structural in-
formation about the intermediates observed, since results
cannot be correlated directly with spectroscopic features. In
this respect, the immobilization of hydrogenases on a thin
gold electrode on the surface of a silicon semicylindrical crystal
offers the possibility of combining direct redox experiments
and time-resolved electrochemical reactions with the in-situ
characterization of the species via infrared spectroscopy
(SEIRA, surface enhanced infrared absorption spectrosco-
py)." % This method has been shown to be instrumental in
the study of metalloenzymes as it can relate the information
from “classical” electrochemistry to structural properties. The
experimental set-up is illustrated in Figure 9.

The covalent binding and immobilization of the protein on
the SEIRA-active gold-coated electrode (working electrode) is
achieved by the formation of cysteamine self-assembled mon-
olayers on the thin gold film,®®'*"! to avoid direct contact with
the metal surface. Figure 9 shows a cyclic voltammogram of
the immobilised D. vulgaris MF hydrogenase recorded under
H, atmosphere at pH 5.5. This shows the catalytic current (H,
oxidation current) as the potential is swept and the enzyme in-
terconverts between active and inactive states. An important
parameter in this plot is the so-called “switch potential”, E,, a
phenomenological parameter that is related with the onset of
catalytic activity (inflection point of catalytic current ascent).
This value for D. vulgaris MF is —33 mV at pH 5.5 and is in the
range of the values reported for other oxygen-sensitive hydro-
genases"*® such as A. vinosum (—40 mV pH 5.9). At low poten-
tials a region of negative current observed corresponds to H"
reduction (H, evolution). Similar to other standard [NiFe] hy-
drogenases its magnitude is lower compared to [FeFe] hydro-
genases that are more biased towards H, production.
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Figure 9. SEIRA setup: A) A thin Au film is formed on the flat surface of a Si semicylindrical crystal for the surface enhanced infrared measurements in a
Kretschmann-ATR configuration. The biocompatible immobilisation of the protein is achieved by the formation of cysteamine (HSCH,CH,NH,) self-assembled
monolayers (SAMs) on the Au electrode surface. B) The anaerobic inactivation and reactivation of D. vulgaris MF immobilized on the Au electrodes chemically
modified with a SAM of 6-amino-1-hexanethiol is monitored by CV under H, atmosphere. The square shows the point of inflection of the ascending current
for the reactivation process (E,,) at —33 mV. Measurements were carried out at 38°C in 50 mm acetate buffer at pH 5.5, scan rate 1 mVs™". Arrows indicate
the scan direction. C) SEIRA spectra of the as-isolated D. vulgaris MF enzyme (top) and of H,-reduced enzyme (~5 h under H,) (bottom). Experimental condi-

tions: 39°C, pH 5.5.

The SEIRA spectra obtained for the D. vulgaris MF enzyme
and the electrochemical investigations yielded essentially iden-
tical results with the in-solution FTIR spectroelectrochemis-
try.®® This shows that the hydrogenase enzyme remains func-
tionally intact, when wired to an electrode surface. In addition
interconversion between redox states can be generated in the
presence of a variety of gaseous substances. The SEIRA ap-
proach is thus increasingly valuable for the characterisation of
hydrogenases as well for their potential use in technological
applications such as in biofuel cells.

7. The Catalytic Mechanism of [NiFe]
Hydrogenases and the Inhibition of the
Enzyme

Based on the spectroscopic and electrochemical data present-
ed in the preceding sections, a
large number of intermediates in

tion). Ni*" has a d,. ground state (S=1/2). The EPR-silent states
may exist in low (S=0) or high spin states (S=1), a possibility
that remains still under discussion. The electronic configuration
of the molecular complex is sensitive to several contributions;
ligand environment, protonation of the cysteine sulphurs and
the geometry. This is shown by DFT calculations in which the
singlet and triplet states are close in energy and it thus be-
comes difficult to conclude with certainty which electronic
state is preferred. The iron is not redox active, it is always dia-
magnetic (low spin Fe?’") coordinated by strong m- and o- li-
gands, that is, CO, CN™.

In the presence of O,, catalytic ability is lost. The paramag-
netic inactive states of the enzyme (Ni-A and Ni-B) have oxo-
based ligands bound to the active site bridging Ni and Fe. The
Ni-B (“ready”) state has a p-hydroxo bridge accessible to sol-
vent (H/D exchange); this state is quickly activated, a process

processes related to the hydro-
genase function could be identi-
fied and characterized. This
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states as indicated (a formal Ni'*
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Figure 10. Proposed reaction scheme for the anaerobic [NiFe] hydrogenase from D. vulgaris MF based on electro-
chemical titrations, including both active and inactive intermediates, and CO-inhibited and light-induced states.
The formal oxidation states of the Ni and the Fe are given, furthermore the type of bridging ligand that changes

identity and its position (in some cases) in the cycle is indicated. In Ni-A and Ni-SU the bridging oxygenic ligand

state is only present at cryogenic
temperatures under illumina-
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presented by [O] has not been conclusively determined. The midpoint potential for the redox couples are given
for pH 7.4, except for the Ni-A to Ni-SU transition, which is given for pH 8.2.
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that finally leads to a loss of the bridging ligand in the active
Ni-SI, state of the catalytic cycle. The Ni-A state (“unready”) is
slowly activated. It is absent in all oxygen-tolerant [NiFe] hy-
drogenases. A final conclusion on the bridging ligand has not
been made. Both states are paramagnetic (Ni**, S=1/2) with
the unpaired electron localised mainly on the nickel but have,
however, distinct spectroscopic and reactivation kinetic proper-
ties.[*044

One-electron reduction of Ni-B and Ni-A leads to formation
of the EPR-silent (Ni**) states Ni-Sl, and Ni-SU, respectively.
Ni-SI, exists in two forms that are in an acid-base equilibrium;
the (Ni-Sl)), and the more protonated (Ni-Sl,), , both of which
are catalytically inactive.*"®" In this process, most likely, the p-
hydroxo bridge is protonated to form a short-lived transient
H,O-bound species, (Ni-Sl,),, prior to converting to the active
Ni-Sl, state. On the other hand, Ni-SU exists in one form only,
independent of pH, and allegedly has the same oxo-ligand as
Ni-A bound to its active site. It has been suggested to convert
to the Ni-Sl, states prior to reactivation® of the enzyme.

The physiological states, related to dihydrogen catalysis, are
reached when the bridging oxygen-based ligand is completely
removed from the active site and Ni-Sl, is formed. These are
Ni-Sl,, Ni-C and Ni-R (Figure 10). Ni-Sl, is the most oxidised
active intermediate and is EPR-silent (Ni’"). It has an open
bridging position and the nickel is thus only 4-coordinated. It
is suggested that this state most easily attaches the hydrogen,
which is polarised and heterolytically split. The Ni is probably
the site of H, binding since CO is also attached to this metal
and the gas access channel ends close to the nickel—but Fe as
the initial site of attachment cannot be completely excluded.

Proton coupled one-electron reduction leads to the catalytic
Ni-C state. In this step base-assisted heterolytic cleavage of the
H, molecule takes place, leaving a hydride ligand (H™) in the
bridging position between Ni and Fe!'%*'% %7 and an electron
is released to the proximal Fe,S, cluster. One of the candidates
for the respective base is the terminal Cys546°*% that then
transfers the proton to Glu34 (D. vulgaris numbering). This cys-
teine residue has a high temperature factor indicating confor-
mational flexibility and a possible involvement in proton trans-
fer. Alternatively the proton could be taken up by another cys-
teine residue or even by a water molecule loosely bound to
the Fe as proposed in another mechanism.®

Proton coupled one-electron further reduction of Ni-C leads
to the EPR-silent state Ni-R. However, Ni-R can also be formed
directly from the Ni-Sl, state after its reaction with H, and if all
three clusters are already reduced, without the Ni-C as a de-
tectable intermediate. Ni-R is the most reduced state of the
enzyme and can exist in three isoelectronic forms that differ in
the protonation degree either of the coordinating cysteine res-
idues or of the substrate ligands (e.g. H, H™) bound to the
active site.’"*" All details of the mechanism are not yet avail-
able, a fact that has led to several mechanistic propos-
als'31:329394131 A interesting alternative to the above dis-
cussed scheme has been postulated, in which only the Ni-R
and Ni-C states are involved in catalysis, except for other (more
reduced) transient species.®”
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Several states of the enzyme are light-sensitive; this can be
directly correlated with structural changes of its active site.
Whereas the fully oxidised states Ni-B and Ni-A are not light-
sensitive,l"’ the Ni-SI, state upon illumination forms a light-in-
duced EPR-silent species denoted as Ni-SL®Y The underlying
process has been related to a structural change involving a dis-
placement of the p-hydroxo ligand. lllumination at low temper-
atures also affects the Ni-C state and converts it to a paramag-
netic state termed Ni-L, with concomitant loss of the hydride
bridge in form of a proton."”*"® Ni-L is described by a formal
Ni'* state, with a mixed d,/d,. . ground state."””! Several Ni-L
forms have been reported, which most likely differ with re-
spect to the location of the proton, after its dissociation from
the bridging position."® Furthermore, there are reports for
light-induced structural changes also in the Ni-R states.'*

The active enzyme can be inhibited by CO and other gas-
eous molecules.'?71%913% |t has been demonstrated by X-ray
crystallographic studies that the externally added carbon mon-
oxide binds terminally to the nickel ion.?” Two distinct CO-in-
hibited redox states have been characterised by spectroscopy;
a paramagnetic Ni-CO and an EPR-silent Ni-SCO state.l'®'>
Both are light sensitive, leading to photodissociation of the ex-
trinsic CO ligand; Ni-CO converts to the same Ni-L state as
Ni-C, while Ni-SCO converts to Ni-SI,"*™¥ see Figure 10. Ni**
does not bind CO and in the other states CO binding is diffi-
cult when the bridging ligand is still present. Thus, only 4-coor-
dinated nickel in a low oxidation state, either Ni*™ as in Ni-Sl,
or Ni'™ as in Ni-L, has the affinity to bind carbon monoxide.
The Ni-CO bond is not very strong; it can be dissociated with
light, by flushing with hydrogen or inert gases and by applying
very reducing conditions (below —500 mV).

The issue of inhibition by molecular oxygen is significant
and has several consequences, for example, for biotechnologi-
cal applications. In the case of the [FeFe] hydrogenases, expo-
sure to oxygen leads to an irreversible destruction of the
enzyme, a degradation process for which mechanisms have
been recently proposed.’"'*? [NiFe] hydrogenases have the
advantage that they are less oxygen sensitive, with the O, in-
hibition being often reversible, while there are a few hydroge-
nases, for example, from Knallgas™'>® or hyperthermophilic
bacteria,”* which are even oxygen tolerant. These do not
show the Ni-A state. In this context, it is interesting that the re-
cently obtained X-ray crystallographic structure of the photo-
synthetic bacterium A. vinosum in the Ni-A state appears to
carry a monoatomic bridging ligand, which is compatible with
the proposal of a hydroxyl ligand based on the experimental
data presented here (Ogata et al., to be submitted). The struc-
tural information obtained so far is, however, not giving a clear
picture for the slow activation of the Ni-A state.

8. Conclusions and Outlook

This minireview focuses on the current knowledge obtained
for the standard [NiFe] hydrogenase from D. vulgaris MF, which
should be generally valid for all known oxygen-sensitive hydro-
genases. Great progress has been made during the last years
in the understanding of the intermediate states, the activation,
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inhibition as well as the light sensitivity of this enzyme, where-
as specific aspects are still to be resolved. Concerning the
mechanism, it is still not entirely clear, which of the many spec-
troscopic states are actually involved in the enzyme’s activa-
tion/inactivation and catalytic cycle. Is there a function of the
Fe in hydrogen polarization and splitting? Which is the base
taking part in the catalytic process; a cysteine ligand, a water
molecule or another unknown site? Furthermore the possible
role of high-spin Ni** in the mechanism remains to be investi-
gated. The inhibition of the enzyme by O, leading to the Ni-A
state is also not well understood. Future pulse EPR/ENDOR ex-
periments using '’0, and/or H,'’O should help to finally identi-
fy the bridging ligand. A reinvestigation of Ni-A in hydroge-
nase single crystals both by X-ray crystallography and EPR
spectroscopy is under way in our group to solve this important
question.

Experiments with the aim of combining hydrogenase as a
producer of H, with photosynthetic proteins that split water
and produce O, are currently pursued in many laboratories.
Pertinent problems are the limited stability of the biological
components, the low energy efficiency of photosynthesis and
the oxygen sensitivity of most hydrogenases. This process—
that is actually performed in nature by certain classes of green
algae and cyanobacteria—stimulated researchers to study the
mechanisms and details of the molecular and electronic struc-
ture of all the components involved, including the hydrogenas-
es. If the essentials of the enzymes involved in the catalysis of
hydrogen conversion are better understood—in particular
their oxygen sensitivity and high turnover rates—it may be
possible to either use the isolated enzymes in biotechnology
or to build functional, more stable synthetic analogs. In the
present review, proposals are made for the structure of the
active site in the various intermediate states of oxygen-sensi-
tive hydrogenases as well as their possible role in catalysis,
based on combined spectroscopic and theoretical methods.
We believe that this study will be useful for understanding the
reactivity of these enzymes with H, or inhibitors and their
future application in biologically based hydrogen technology.
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Supplementary I nformation

Table S1: Experimental g-tensor values for the various paramagnetic states of the [NiFe]
hydrogenase from D. vulgaris MF hydrogenase.

State Ox Oy 9

Ni-A 2.32 2.24 2.01
Ni-B 2.33 2.16 2.01
Ni-C 2.20 2.14 2.01
Ni-L 2.30 2.12 2.05

Ni-CO 2.13 2.08 2.02




Table S2: 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). Values at 100 K are given in

parenthesis.

State IR frequencies, cm™

Veo(FE) V¥ on(Fe)  v¥en(Fe) Vo (Ni)

Ni-A 1956 2085 2094 -
Ni-B 1955 2081 2090 -
Ni-SU 1958 2089 2100 -
(Ni-SI,), 1921 2061 2070 -
(Ni-SI)i 1943 2074 2086 -
Ni-Sla 1943 2074 2086 -
(1946) (2077) (2090) )
Ni-C 1961 2074 2085 -
Ni-R 1948 2061 2074 -
Ni-R; 1932 2052 2066 -

Ni-SCOws 1941 2071 2084 2056

(1941) (2072) (2086) (2061)

Ni-SCOe 1939 2070 2083 2054

(1940) (2071) (2086) (2060)
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