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1. Introduction

Fossil fuels like coal, oil, and natural gases are not
renewable on a human time scale and when combusted they
pollute the earth’s atmosphere with carbon dioxide. The latter
is believed to contribute to global warming and climate
changes hazardous for our world and human life. Thus, the
search for alternative sustainable fuels to satisfy the world-
wide increasing energy demand has become a major issue
in recent year.® One possible solution is provided by the
use of hydrogen as a “clean fuéi**”8 However, free
hydrogen is not a natural energy source on earth as it is
incompatible with the high oxygen content of the atmosphere.
The generation of hydrogen from bound compounds (e.g.,
hydrocarbons) is a highly energy-consuming process in which
the greenhouse gas @@ released. The ideal source of
hydrogen is water that can for example be split electrolyti-
cally using electricity from renewable, nonfossil energy
sources:® Water splitting and release of oxygen and protons

*To whom correspondence should be addressed. E-mail: lubitz@ is performed in nature in oxygenic photosynthesis by green
mpi-muelheim.mpg.de.

plants, algae, and some bacteria, a process powered by
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sunlight!®-12 Many of the photosynthetic microorganisms
also contain an enzyme that can convert the released proton

into dihydrogen. This enzyme is called hydrogendse.
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The understanding of the basic principles of hydrogen Mulheim and studies bacterial photosynthesis and hydrogen production.
production and utilization in microbes is a goal of major
importance both for basic research and possible applications L o
in our society. A mechanistic knowledge of the hydrogen The_l_n vivo situation may, h_owever, not correspond_ to an
conversion and consumption process would allow us to use€auilibrium situation. From isotope exchange experiments,
the organisms or the isolated enzymes in biotechnological 26¢0rding to B+ DO == HD + HDO it has been deduced

hydrogen production processés?® Furthermore, this would that the H molecule is split heterolytically at the metal rather

provide the necessary fundamental knowledge for designingtNa" hfomolytically%ﬁ -Ehe elnzyme_ also catahlyzg_i tr&e co@r%ver—
biomimetic or bioinspired artificial “hydrogenase catalysts” Sion Of para- (parallel nuclear spins) to ortho-dihydrog/e.

for large-scale hydrogen production in the futéte® The enzymatic reaction takes place at specialized metal

. - centers which are turned to high efficiency via a unique
Hydrogenases are ancient enzymes that facilitate the Uptak‘ﬁgand sphere.

and oxidation of dihydrogen to protons and release of Th hvd is found | .
electrons and also the reverse reaction in a true equilibrium. € enzyme hydrogenase IS found I many microorgan-
process isms from bacteria and archae to eukafyaee also article

by Vignais and Billoud in this issue). It represents a diverse
class of enzymes. While nature has found several solutions

—_—t i — ot -
Hy==H +H =2H +2e for hydrogen conversion, in all cases the simple looking task
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is solved by a highly sophisticated molecular mechanism that Scheme 1
is not yet understood in detail.

Hydrogenases can be classified according to the metal
content of the active site into [NiFe], [FeFe], and [Fe] H+‘
hydrogenases. A characteristic feature of all hydrogenases e
is that the iron atoms are ligated by small inorganic ligands
(CO, CN), which were first detected by FTIR spectros-
copy3*49The [NiFe] and [FeFe] hydrogenases contain sulfur-
bridged bimetallic centers, typically with an open coordina-
tion site on one metal. A subgroup of the first class comprises
the [NiFeSe] hydrogenases, in which one of the cysteine
ligands of the nickel atom is replaced by a selenocyst€ine.
The third class of enzymes has long been thought to contain
no metal. However, it was recently shown that the active
site harbors a single iron atdf*® with an unusual coordina-
tion sphere. These enzymes are now called [Fe]-hydrogenases
or iron-sulfur cluster-free hydrogenases. They can activate
H, only in the presence of a second substrate (methenyl
tetrahydromethanopterifj They are quite different from the g
first two classes and will therefore only briefly be discussed i S
in this review. Other classifications of hydrogendses
according to the redox partner, NAD(Ppr cytochromes,
have also been described.

Hydrogenases are present in the periplasm or in the reaction. This is shown for the bimetallic [NiFe] and [FeFe]
cytosol, either in soluble form or membrane bound. In hydrogenases in Scheme 1 that schematically depicts the
eukarya hydrogenases are often found in specialized cellularthree-channel motif found in these hydrogenases. It shows
compartment$347 Two important functions of hydrogenases the active site, the jaccess channel, the electron and proton-
are to balance the redox potential in the cell and also to transfer chains, and the chemical constitutions of the
provide energy by oxidation of molecular hydrogen. They bimetallic complexes forming the active sites.
may remove reducing equivalents by production of molecular  There are many features of hydrogenase catalysis that are
hydrogen or provide electrons by splitting..HDepending not yet understood. This article is intended to show what
on the location in the cell, hydrogenases may either be tunedspecific spectroscopic methoedlike magnetic resonanee
for hydrogen evolution or hydrogen uptake. They may also can contribute to this field. Before starting this endeavor we
be involved in establishing transmembrane proton gradiénts. will briefly discuss the structure of [NiFe] and [FeFe]
The same principle to bind hydrogen at the active site (e.g., hydrogenases, the various states of these enzymes that occur
[NiFe] center) during the catalytic process has also been usedn their activation/deactivation, inhibition, and catalytic cycles
to sense the presence of hydrogen and regulate the expressioand outline the techniques used to study the struetire
of genes required for the biosynthesis of hydrogenases (segarticular the electronic structur®f these enzymes. The
article by Friedrich et ). These proteins are called sensory active site of the [Fe] hydrogenase is differéi>>"5° This
or regulatory hydrogenases in contrast to the catalytic class of enzymes will therefore not be further discussed in
hydrogenases and show a much lower actitifif.Accord- this review.
ingly, hydrogenases are also classified as membrane-bound
(MBH), soluble (SH), or regulatory hydrogenases (RH), e.g., 2. Structure of [NiFe] and [FeFe] Hydrogenases
in the specieRalstonia(R.) eutropha where all three classes
are present and have been characterized (see article b¥]
Friedrich et al'®). Many catalytic hydrogenases are bidirec-
tional, that is, they act both as,tiptake and ktproducing
enzymes$? 33 The [NiFe] hydrogenases are often more active
in H, oxidation and the [FeFe] hydrogenases in the produc-
tion of molecular hydrogen. The activity can be measured

by several assays described in the literat&féSome [FeFe] protonablg residués™* combined with site-directed mu-
hydrogenases are, for example, extremely active i H tagenesi$® A Mg atom has been located in the ransfer

generatior? each molecule of enzyme can produce up to Pathway for several [NiFe] hydrogenasés The electron
~10* molecules of H per second at room temperatatdhe transfer is in general performed by iresulfur clusters. The
reported lower catalytic activity of [NiFe] as compared to number and type of these clusters vary in different species,
the [FeFe] hydrogenases using assays with artificial electronin Particular in the case of the [FeFe] hydrogen#sef
acceptors (e.g., methyl viologen) has recently been critically Central importance are the active sites of the [NiFe] and
discussed by Armstrong et &.who showed that the H ~ [FeFe] hydrogenases (Scheme 1, bottom) which show
uptake reaction for a monolayer of enzyme on the electrode 'emarkable similarities. In the following, details of the
is diffusion limited. structure of the [NiFe] and [FeFe] hydrogenases relevant to

In all hydrogenases the protein matrix plays an important the spectroscopic studies are outlined.
role in providing (i) the ligand sphere for binding of the .
active metal site, (ii) an optimized pocket for the catalytic 2.1. [NiFe] Hydrogenases
reaction, and (iii) pathways between the active site and the [NiFe] hydrogenase was first crystallized in 1987 from
surface for both the substrate and products of the enzymaticDesulfaibrio (D.) vulgaris Miyazaki F by Higuchi et al®®

In Schene 1 a general view of the [NiFe] and [FeFe]
ydrogenases is given. The litansfer channel has been
mapped out by modeling studies and by introducing Xe
atoms in single crystdl%%! and subsequent X-ray crystal-
lography (see article by Fontecilla-Camps et al. in this issue).
The H' transfer chain has been located by a search for
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[NiFe] Hydrogenase from D. gigas [FeFe] Hydrogenase from D. desulfuricans

Figure 1. (a) Structure of [NiFe] hydrogenase frobh gigas(PDB 1FRV) from ref 63 detailing the two protein subunits (small, blue;
large, green), the electron-transfer chain with three &eenters in the small subunit, and the active site in the large subunit. The structure

of the active site is shown enlarged at the bottom (see text). The arrow indicates the sixth coordination site at Ni which is found to be
unoccupied. The enzyme resided mainly in the unready state. (b) Structure of [FeFe] hydrogen@ediesuifurican§PDB 1HFE) from

ref 61, detailing the two protein subunits (small, blue; large, green). The H-cluster (hydrogen-activating cluster) and the two additional
[4Fe—4S] clusters are all located in the large subunit. The molecular structure of the H-cluster with the cubarESjdfead the dinuclear

[2Fe}y subclusters is shown enlarged at the bottom. The arrow indicates the free coordination site at the distalfoond=e ref 61.

Table 1. Crystal Structures of Different Hydrogenases

organism and functional resolution
state of the enzyme class method nm year PDB file reference
D. gigasunready [NiFe] MIR 0.285 1995 1FRV Volbeda etal.
D. gigasunready [NiFe] MR 0.254 1996 2FRV Volbeda ef'&l.
D gigasactive [NiFe] MR 0.27 1998 Garcin thedts
D. gigasunready [NiFe] MR 0.235 2005 1YQ9 Volbeda ef'al.
D. vulgarisready [NiFe] MIR 0.18 1997 1H2A Higuchi et &.
D. wulgaris active [NiFe] MR 0.14 1999 1H2R Higuchi et &l.
D. wulgaris CO-inhibited [NiFe] MR 0.1180.14 2002 1UBH-U Ogata et &.
D. vulgaris unready, ready [NiFe] MR 0.1640.14 2005 1IWUI-L Ogata et af.
D. fructosaoransunready [NiFe] MR 0.27 1997 1FRF Montet et?@l.
[NiFe] MR 0.18 2002 Volbeda et &f.
D. fructosaoransready [NiFe] MR 0.21 2005 1YRQ Volbeda et7al.
D. fructosaoransunready [NiFe] MR 0.183 2005 1YQW Volbeda et’al.
D. desulfuricans [NiFe] MR 0.18 2001 1E3D Matias et &l.
D. baculatumactive [NiFeSe] MR 0.215 1999 1CcC1 Garcin etal.
C. pasteurianum [FeFe] MAD 0.18 1998 1FEH Peters etfal.
C. pasteurianunmnhibited [FeFe] MR 0.24 1999 1C4A-C Lemon et'al.
D. desulfuricans [FeFe] MAD 0.16 1999 1HFE Nicolet et &.
D. desulfuricansactive [FeFe] MR 0.185 2001 Nicolet et'8t.
M. jannaschii [Fe] MR 0.175 2006 2B0J Pilak et 2.
M. kandleri [Fe] MAD 0.24 2006 Pilak et &8
and in the same year frol. gigasby Niviere et alf® It D. fructosaorans® 767 No crystal structures of other
took almost a decade before a crystal structure was reportedNiFe] hydrogenases, for example, from photosynthetic
by Volbeda and co-workers for tH2. gigasenzyme?370 At organisms are known. The structural data obtained so far

present structures from five [NiFe] hydrogenases from have been reviewed and critically evaluatéé.’®81 For an
closely related sulfate-reducing bacteria are known (see alsooverview see Table 1.

article by Fontecilla-Camps et al. in this issue). These are In Figure la the structure of the [NiFe] hydrogenase of
the enzymes fronD. gigas®36479.71D. pulgaris Miyazaki D. gigas is shown’ It consists of two subunits with

F 8672774 D, desulfuricang® D. fructosaorang® 76 and De- molecular weights of about 28 and 60 kDa. For many
sulfomicrobium(Dm)) baculatum®. Structures were obtained membrane-bound enzymes a small membrane anchor is
for different states of the enzymes and for some mutants of additionally present, which is cleaved during enzyme puri-
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fication. The large subunit contains the active site, which is It was proposed that the type of bridging ligand may be
deeply buried in the protein. The geometry of this site is the cause for the slow activation of the unready state and
highly conserved throughout all [NiFe] hydrogenases (cf. the fast activation of the ready stdt€gata et al* compared
article by Vignais and Billoud in this issue). The nickel and their highly resolved Ni-A structure with that of the CO-
iron atoms are separated by a distance of about2.% A4 inhibited enzymé& and could show that the extra density
and are bridged by the sulfur atoms of two cysteines. The assigned to an additional oxygen is located in the same
nickel atom is coordinated by two more cysteines bound in position as the CO ligand that blocks the sixth coordination
a terminal position. For some hydrogenases one of the latterPosition of the nickel atom (see also Figure 5 in Lubitz et
cysteines is replaced by a selenocysteine and these enzymed*®). This would prevent binding of dihydrogen. More
form the subclass of [NiFeSe] hydrogena&e?:84 The iron details on the structure of [NiFe] hydrogenase are found in
atom carries three inorganic diatomic ligands that have beenthe cited literature and in the article by Fontecilla-Camps et
identified by infrared spectroscopy as two Chind one &l in this issue.

CO388 |n the aerobically isolated enzyme (oxidized

state: in general a mixture of the so-called “unready” or Ni-A 2.2. [FeFe] Hydrogenases

gnd the “ready” or Ni-B states), ad_ditional_electron density |, early biochemical studié¥-19 on [FeFe] hydrogenases
is detectable between nickel and iron which stems from a j; \yas found that the prosthetic groups are located in only
third bridging ligand “X" %7 This bridging ligand has been e subunit and consist of several [4RS] clusters and an
postulated to be, in catalytic hydrogenases, an ox{gem  active site of (at that time) unknown structure, which was
a sulfur specie$>” The former hypothesis has been sup- termed the “H-cluster” (from “hydrogen-activating cluster”).
ported by spectroscopic studies usiti@ labeling?®**but  The gram positive bacteriulostridium(C.) pasteurianum
the presence of sulfur cannot be ruled out, for example, in was the first organism that was found to contain no nickel
D. vulgaris Miyazaki F?%%In the active state of the enzyme  put only iron atoms in the hydrogena$éinitially, the iron
(Ni-C/Ni-R) this electron density is absetit’?However, it and sulfur content of hydrogenases were widely underesti-
is unclear whether the position X is empty or occupied by mated because of limited purity of the protein, inaccuracies
an atom or molecule with low electron density (e.g., in the determined molecular weights, and a nearly 2-fold
hydrogen). Spectroscopic studies clearly showed that in theoverestimation of the protein content of the preparations. Two
active Ni-C state a hydride (H is present in the bridge [FeFe] hydrogenase preparations fr@rpasteurianunmave
between the Ni and the P& In all states of standard been describetf?103.1051065ince they showed distinct dif-
hydrogenases the nickel atom has an open coordination siteference in their catalytic behavior, these preparations were
which defines an axial direction, (marked by an arrow in associated with two different types of [FeFe] hydrogenase.
Figure 1a, bottom) and it is therefore believed that the Ni One type of [FeFe] hydrogenase fro@ pasteurianum
represents the primary hydrogen binding site. This is called hydrogenase |, catalyzes the two-electron reduction
supported by the fact that the inhibitor CO binds at this of two protons to yield dihydrogen and was eventually found
positior® and also that the Htransfer channel ends near to contain 20 atoms of iron per protein molecule arranged
the Ni (see Scheme $3.7° into five distinct Fe-S clusters. This hydrogenase is very
The small subunit contains three +8 clusters that are actlvehln catalyélrlglg'oth Qx'd"ﬁ'ﬁn dand e\g)glg_?ﬁn of &hd d
involved in the electron transport to/from the active [NiFe] was thus named “bidirectional” hydrogen € secon

. : . type of hydrogenase fror@. pasteurianumcalled hydro-
center (Figure 1a). In the catalytically active hydrogenases, . " o
a proxi(mgl [4Fe)48] cluster ig Ioca%ed nearytheg[NiFe] genase ”1,05,.106,5 very active in H OX|dat|o_n but the rates
ter. flanked b 3FedS] cluster. N th tei of H; evolution are very low. Therefore, it was referred to
gﬁﬂaegé a?isfal [ 4)|£e38[] clustgr(i:su;ggénte&r thee[l\ll)irlge?slg] as “uptake” hydrogenase. The analysis of the iron content
. after various corrections) showed that this hydrogenase
hydrogenase ob. baculatumthe [3Fe-4S] is replaced by ( varnou lons) W 1S _hydrog

1 . ; contains 14 iron atoms distributed over three-Beclus-
a [4Fe-48] clustert! The distance between the iresulfur ters102103.106owever, the physiological role of this hydro-
clusters is~12 A, that is suited for biological electron ’

, ) : genase is as yet unknown. It should be noted that after the
transfer’® A magnesium atom is found in the crystal

5 which i bablv involved i o6 initial descriptior_w of this preparation, no follow-up studies
structure;”which is probably involved in proton transfer: have been published. Later the [FeFe] hydrogenases from

A possible pathway for molecular hydrogen to travel between \jegasphaergM.) elsdenij®*11 Desulfaibrio (D.) vulgaris
the protein surface and the active site has been found i”HiIdenborougH}l*”S and Desulfaibrio (D.) desulfuri-

molecular dynamics calculations using a probe radius of 0.1 cgng5.102119.12haye been characterized. All these enzymes

nm*° Additional information came from crystallographic  contain 14 Fe atoms per protein molecule arranged in three
studies using high-pressure Xe §&8!® Strikingly, the  Fe-S clusters including the H-cluster.

channel seems to end at the vacant sixth coordination position o far, only two [FeFe] hydrogenases from different
of the nickel atom. It has been speculated that this channelgrganisms have been crystallographically studied. The first
used by hydrogen may also allow access of CO anaiiich  gne is the cytoplasmic, monomeric [FeFe] hydrogenase |
lead to inhibition of the enzyme. Recently, crystal structures from C. pasteurianumthe structure of which has been
at higher resolution for both the ready (Ni-B) and the unready resolved with a resolution of 1.8 & The second known
(Ni-A) states were publishe@:’* In the unready state the  structure is that of the periplasmic, heterodimeric [FeFe]
electron density for the bridging ligand was found to be hydrogenase frord. desulfurican§ATCC 7757§-12which
elongated, and it was suggested that this ligand is possiblywas resolved to 1.6 A, see Table 1. The structural features

a hydroperoxide, OOH™ Furthermore, additional electron
density was observed in these structtirénear the cysteine
sulfur atoms, indicating the formation of sulfoxides and/or
sulfenic acids possibly resulting from trapped O at&fm&?

of [FeFe] hydrogenases have also been revieif&d Both
structures contain, apart from the H-cluster, a chain of
iron—sulfur clusters assumed to provide an electron transport
path. In hydrogenase | fror€. pasteurianumthis chain
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consists of three ferredoxin-like [4F@S] clusters and one 3, Redox States of Hydrogenases

[2Fe—2S] cluster, while in th®. desulfuricangnzyme this

chain only holds two [4Fe4S] clusters. Owing to their 3.1, [NiFe] Hydrogenase

Mossbauer properties and the sequence similarity of their e ,

binding domains to that of ferredoxin F& clusters, these In the process of enzyme “activation” and during the
clusters are termed “F-clusters”. In addition to the two crystal catalytic cycle, the [NiFe] hydrogenase passes through a
structures mentioned above, there are also structures availabl@Umber of intermediate states. They have first been observed
of the [FeFe] hydrogenase | fro@. pasteurianumin the and characfcerlzed by EPR spectroscopy (for a review see
CO-inhibited form?*12and theD. desulfuricansenzyme  '€f 140), which showed that the enzyme cycles between EPR-
prepared under 6 bar,H‘reduced” form)2! In Figure 1b silent and EPR-detectable (paramagnetic) nickel-centered

the structure of the [FeFe] hydrogenaséDofdesulfuricans ~ States. They were named Ni-A, Ni-B, Ni-C (paramagnetic,
is shown together with the structure of the active site (‘H- EPR active), Ni-L (light-induced, EPR active), Ni-SI (EPR
cluster”) 1121 silent) and Ni-R (reduced, EPR-silent). For historical reasons

these “names” have been retained until today although other
nomenclatures have also been used by various authéts!4

A full characterization has become possible by FTIR
spectroscopy by which the IR vibrations of the Cland

CO ligands at the iron are monitored. Here, both the
paramagnetic and EPR-silent states are detected. The band
shifts are usually sufficiently large (e.g., thatiafo) for a

clear distinction between redox states. Thus,itkewave-

The H-cluster, a six-iron cluster, consists of a cubane,
[4Fe—4S}, connected via the sulfur ligand of cysteine (Cys
382) to the proximal iron (R of the binuclear iron cluster
[2Fe}4, as shown in Figure 1b (bottom). The X-ray structure
of [FeFe] hydrogenase | &. pasteurianunneveals an almost
identical structure of the active cenfét?5In both structures
the [2Fe};, cluster is coordinated by a total of 5 diatomic
ligands modeled as CO/CNand by a dithiolate ligand not oo
associated with the protein. In the structure of hydrogenasenumber has often been used for a characterization of the
| of C. pasteurianunalso a HO or (OH") molecule was various SJ_[ategs' o -
modeled weakly coordinating the distal iron gFet was The [NiFe] center is rich in redox states. The oxidized
absent in thé®. desulfuricansstructure. Here Rehas an open  St&tes (Ni-A, Ni-B) are catalytically inactive but can be
coordination site where presumably the substratg) o activated by reduction. They differ in thelract|yat2|on kinetics,
inhibitors bind. The dithiolate ligand is not defined very well Ni-A activation is much slower than that of Ni-B? For this
in either structure. Fob. desulfuricansnitially the ligand ~ '€ason the Ni-A state is also called the “unready” state and
was identified as propane dithiol (PDT) but later mechanistic 1€ Ni-B state the “ready” state. Both states are paramagnetic
and stereochemical considerations led to a reinterpretationand are chara_cterlzed_ by dlffer_egt values. Upon one-
of this ligand which is now assumed to be a di-thiomethyl- €l€ctron reduction of Ni-A and Ni-B, the EPR-silent states
amine (DTNJ2122(see Figure 1b and Scheme 1). Although Ni-SU (;llent unready) and l\_ll—SIr (silent ready) are formgd.
largely speculative, this assignment is more likely than PDT FOrA. vinosumhydrogenase it has been shown that the Ni-A

since the amine could act as proton acceptor in the catalytic ~ Ni-SU reduction is reversible, but the Ni-B~ Ni-Sir
cycle. reduction strongly depends on pH and temperature. At pH

. . 6.0 and 2°C the reduction of the ready enzyme was
As for [NiFe] hydrogenase, it was found that also [FeFe] | . S .
; tely irreversible; at pH 8 and 3C both reductions
hydrogenases show FTIR bands in the 183000 cn1? compie 14 : .
region (typical for CN' and CO), which strongly shift upon were reversiblé?® Under reducing conditions and at tem-

changes in the redox state of the enzy#ig5 128 In addition, ~ Peratures greater than or equal to 30, the Ni-Slr is
earlygstudies of the active site of [FeFe] hydrogenase | from converted into another EPR-silent state Ni-Sla (silent active),

C. pasteurianunand the hydrogenase Bt vulgaris Hilden- which can be quickly reduced to give another EPR active

borough using ESEEM and HYSCORE (see appendix) reveal state Ni-C!**The Ni-C state exhibits a characteristic rhombic
N nuclear couplings with quadrupole splittings fitting those 9 €nsor, and this state is found in all enzymes studied so
of cyanidé?®-1310n the basis of these observations the CN far.. Thg Ni-C state is I|ght.—St_anS|t|ve. Upon |Ilym|nat|on with
CO diatomic moieties in the crystal structures were assignedWh'te _“ght, the Chagal%erlstlc EPR 5|gnql disappears and a
to two terminal CN, two terminal CO, and one bridging "eW Signal appears>*“which is called Ni-L. At least two
CO. The X-ray structure of the reduce desulfuricans ~ Subforms have been identified with differegt values,
enzyme shows that this bridging CO becomes a terminal Ni-L1 and Ni-L2, depending on the temperature and the
ligand to Fg upon reductiof?! For the hydrogenase | &. duration of light exposur&’ Upon further reduction in the
pasteurianunthe structure of crystals grown under CO shows Presence of b the most reduced state Ni-R is formed. Three
that in the inhibited state a single “external’ CO is bound subforms of Ni-R have been identified fok. vinosum
terminally to the binuclear cluster at f¢hus replacing the  hydrogenasé; however, the presence of all these substates
water molecule. has not yet been experlme_ntally confirmed in hydro_gena_ses
Since the [FeFe] hydrogenases fr@nuulgaris Hilden- from other sources. The [NiFe] hydrogenase can be inhibited
borough andD. desulfuricanshave identical amino acid by the addition of CO. It has been shown by X-ray

sequence®118132 these enzymes are considered to be Crystallography of single crystals treated with Chat the
identical. The IR spectra of the enzymes fr@nyu|garis’ CO binds at the sixth free-coordination site of the nickel

Hildenborough?133M. elsdeniit®3 D. desulfuricand?*1%6and ~ atom (see Figure 1a). A paramagnetic Ni-CO state has been
of hydrogenase | fror€. pasteurianuf®®134are very similar. ~ described and characteriz&d*>14%149This Ni-CO (active)
Other spectroscopic methods such as electron paramagnetigtate is photosensitive and upon illumination at low temper-
resonance (EPR), electrenuclear double resonance (EN- atures, CO photodissociates, resulting in the same Ni-L state
DOR), and M@sbauer spectroscopy also revealed similar as that formed from Ni-C.

properties of the H-clusters in these hydrogen&gegg!- 135139 The different EPR active and EPR-silent redox states of
Therefore it is expected that all these enzymes have virtually the [NiFe] hydrogenase are depicted in a scheme shown in
identical active sites (see Figure 1b, bottom; Scheme 1). Figure 2. Furthermore the characteristic vibrational bands
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5 IR: 1946, 2086, 2075 em! IR: 1922, 2070, 2056 cm’! IR: 1943, 2086, 2075 cm™!
—
o H
" 1 1 H+
L=
g E.=-375mV
-
L
a0 T>120K
E Ni-L S o Ni-C
8 IR: 1911, 2062, 2048 em’! T<100K IR: 1961, 2085, 2074 cm!
o
(]
o le- 1 H*
E,= -436 mV
\ 4 .
Ni-R

Red

IR: 1948, 2074, 2061 cm!

Figure 2. Schematic diagram depicting the various redox states of catalytic [NiFe] hydrogenases: here all numbers are Biven for
vulgaris Miyazaki F (ref 88). For each state the vibrational frequencies from FTIR{cfar the CO and two CN ligands at the Feio

in bold) are given. All (vertical) transitions are one-electron reduction steps that are accompanied each by & siagfed. The respective
midpoint potentialsEy) are given (pH= 8, except for Ni-A, pH= 6): EPR-active (paramagnetic) states are given in red and EPR-silent
states in blue. The states involved in the catalytic cycle of the enzyme are placed in a yellow box. The silent states Ni-Slr and Ni-Sla are
in acid/base equilibrium. lllumination of Ni-C at low temperature4.00 K) leads to the formation of light-induced states, Ni-L. Treatment

with CO (inhibitor) leads to Ni-CO states either from the Ni-Sla or the Ni-C state (not shown, see text). Note that different nomenclatures
exist in the literature to describe the same state: Ni-A is also denofe@iNi unready), Ni-B= Ni (r = ready), Ni-SU= Ni,-S, Ni-SI

= Ni-S, Ni-Sh = Ni,S, Ni-C = Ni,-C* and Ni-R= Ni,-SR. The asterisk denotes paramagnetic statésSome authors use in addition

the vibrational frequency of the CO-band (cthas index for an unequivocal identification of the state. Since these values are not constant,
different indices must be used for different species.

of the CO and the 2 CNligands at the iron are given. The are monitored!”12".150.154n the as-isolated enzyme (in air)

midpoint potentialsEy for the various steps obtained by the H-cluster is “over-oxidized” (B or Hinac). This state is

spectroelectrochemical titrations (for details see article by jnactive and nonparamagnetic; the cubane subcluster is in

De Lacey et gl. in thls issue) are given for the enzyme from e [4F94Si|+ state, and the two irons in the binuclear

D. vulgaris Miyazaki F88 For the latter enzyme it should be ¢ pcjuster [2Fe] have the same valence. It shows five

noticed that the changes to lower frequency observed for ., acteristic IR-bands; two are assigned to-GiNd three

the Ni-A to Ni-SU transition are atypical, for other enzymes y, =5 hound to the iron atoms of the [2Reubcluster. One

a shift to higher frequency is observed. Similar titrations have CO is in a bridging position (cf. Scheme 1), and the open
. 6 - L

been performed by de Lacey et al. fbr gigas® and D. coordination site at Rds occupied by an oxygenic species

fructosaorans’® and by Albracht and co-workers fok. - : 121

. a5 ) (OH™ or H,0) according to X-ray crystallograp§1?* The
vinosu _(For details see refs 65, 100, and 141.) Each redox F-clusters in the protein (not shown) are also oxidized (EPR
transition is accompanied by a proton-transfer step. The two

EPR-silent states Ni-SIr and Ni-Sla are in an adidse silent). .
equilibrium 688 In the enzyme fronD. sulfuricans(pH 7) one-electron
reduction En = —75 mV) generates an EPR active

Here only the [NiFe] active site is shown and the X . hich th b bel
respective redox transitions are given. To complete the (transient) state (fn9 in which the cubane subcluster

picture, also the irorsulfur centers and their redox states [4F€-4Shis recggjceql, whereas [2kefemains oxidized, but
must be included (see e.g, ref 140). is also affected?” This leads to a change of the position of

the IR-bands. In ks the bridging CO is still present and
the OH /H,0 ligand is assumed to be retained (Figure 3).
3.2. [FeFe] Hydrogenase Upon further lowering the redox potential another rhombic
The various redox states and transitions of the active site EPR species (k) is formed E» = —261 mV) in which the
of the [FeFe] hydrogenase are shown schematically in Figurereduction equivalent is shifted from the cubane to the
3. These have been elucidated by spectroelectrochemistrybinuclear subcluster. This is probably caused by a confor-
in combination with EPR/Mssbauer and FTIR techniques, mational change in which the O#H,0 ligand is removed
by which the various characteristic states of the H-cluster leaving an open coordination site at the distal irog. Fée
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Figure 3. Schematic diagram showing the various redox states of

[FeFe] hydrogenase. The numbers are given for the enzyme from

D. desulfuricans(see ref 135). For each state the vibrational
frequencies from FTIR (in cni) are given for the two CNligands

and the three CO (bold) ligands attached to the [gRebcluster

(cf. Figure 1). The numbers for the bridging CO are given in bold
italic. The additional weakly bound CO ligand in the4CO state

is in bold underlined. The respective midpoint potenti&g)(are
given for all redox transitions. (The transition from.dssto Hox

has been described as a Zeansition, see ref 127). The light-
induced states are not shown (see text). Paramagnetic states al
given in red and EPR-silent states in blue.

Lubitz et al.

deduced. This has in part been accomplished by X-ray
crystallography of single crystals in which some of the states
could be trapped. For nickel iron hydrogenase it was shown
that the third bridging ligand X (see Figure 1a) plays a crucial
role in the catalytic cycle: in the oxidized (as isolated)
enzyme X is preserif,®6."°whereas in the reduced enzyme
(Ni-C/Ni-R) the electron density is abséhivhich does not
exclude the presence of a light atom (e.g., derived from
hydrogen). Furthermore, from the crystal structure of the
Ni-CO state’® evidence for structural features leading to
inhibition of the enzyme could be derived. Recent crystal-
lographic work also provided important information for an
understanding of the oxygen sensitivity of the catalytic [NiFe]
hydrogenase’.7*However, interpretation of X-ray crystal-
lographic data suffers from the difficulty to generate unique
intermediate states in the crystals, state transitions are hard
to follow, and the resolution is often insufficient to obtain
fine structural details that are required for an in-depth
understanding. In particular, the resolution of protein crystal-
lography is not high enough to observe protons, that is, the
substrate, educts, and products of the hydrogenase enzyme
cannot be detected in the crystal structures.

FTIR. Clearly, additional spectroscopic methods are
necessary to obtain a complete picture of the intermediate
states of the hydrogenase. One important method to char-
acterize and follow the various states is FTIR spectroscopy.
This allows the detection of all paramagnetic and diamagnetic
states of the enzyme via the CO/CNibrations (see for
example for [NiFe] hydrogenase refs 39, 70,88, and
153-157, for [FeFe] hydrogenase, refs 40, 126, 127, 133,
and 134, and for [Fe] hydrogenase, ref 42). The CO and
CN" vibrations occur in a characteristic region of the
spectrum that is free from other protein vibrations. The

Vibrations are sensitive to the charge density at the metal to

which these ligands are bound, allowing conclusions about

Hox State is observed imll [FeFe] hydrogenases and is changes of redox states. All electron and proton-transfer
regarded as the physiological oxidized intermediate in the reactions can thus be followed as a function of temperature,
catalytic cycle. The [2Fg]subcluster is in a mixed-valence PH, and time, and the redox potentials can be determined

state, while the cubane subcluster is in the [4B8F" state.
After reduction of the hydrogenase with the EPR signal

by electrochemical titrations monitoring the vibrational bands
(see, e.g., refs 85, 86, 88, and 127). The method has also

of the H-cluster disappears indicating another one-electronbeen used at cryogenic temperatures, for example, for

reduction stepHEy, = —350 mV)1?” Méssbauer data indicate
that the cubane subcluster is still oxidized, thegldluster
must therefore have a further reduced [2Felster. FTIR
studies indicate that the bridging CO is 165t12” According

to X-ray crystallographic studies of the reduced enzyme
(crystals under 6 bar of Hthis CO is bound end-on to F&*

detecting the Ni-L state’$*157:158and in conjunction with
stopped-flow techniques to follow species involved in
enzyme activation and in the catalytic cyét16Although
FTIR is an excellent spectroscopic probe for monitoring
changes in the active center of hydrogenase it does not
provide complete information about the electronic structure

In this state the F-clusters are also reduced and give rise to@f the active center. For example, in case of the [NiFe]

characteristic EPR signals. Incubation of.dHvith argon
transforms this state back to. Lower redox potentials
(below —500 mV) lead to a destruction of the [2Fke]
subcluster.

Addition of the inhibitor CO to the b} state generates
the H,x-CO in which the open coordination site atqHe
blocked by the incoming CO ligand’13>152This is no redox
transition. The characteristic IR frequencies of CO (range
1800-2020 cm!) and CN (range 2056-2110 nY) for
each state are also given in Figuré?3.

4. A Survey of Structural Methods Used in
Hydrogenase Research

X-ray Crystallography. For understanding the activation
and deactivation, the inhibition and finally the catalytic cycle
of the enzyme the structures of all intermediates must be

hydrogenase FTIR monitors charge density changes at iron,
whereas hydrogen conversion is believed to take place at
the nickel atom.

XAS. Another important method for studying metalloen-
zymes is X-ray absorption (XAS) spectroscdpyThis tech-
nigue yields information about the oxidation state(s) of the
metal(s) (by XANES) and the number and type of ligands
and their distances from the metal center (by EXAFS) that
is complementary to X-ray crystallography and other spec-
troscopies. It has been used mostly for [NiFe] hydrogen-
asel00156,162168 Although the interpretation of the Ni EXAFS
data has been debated, the information obtained about the
oxidation states and their changes are very important. The
data are consistent with the formal oxidation state of the Ni
metal oscillating between Ni(lll) and Ni(ll); the occurrence
of a Ni(l) is not supported by XAS data (e.g., for Ni-L).
Furthermore, Ni L-edge XAS data indicated that the EPR-
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silent states (Ni-R, Ni-Sl) are probably not diamagnetic resonance)?® These methods provide magnitudes and signs
Ni(ll) low-spin states but are better described by Ni(ll) high- of the electron-nuclear hyperfine tensors from which
spin (hs) statesy= 1).1%6 XAS spectroscopy on the [FeFe] distances, geometries, spin densities, and also information
hydrogenase does not lead to clear results owing to the highabout dynamics can be obtained. Furthermore, for nuclei with
iron content of these enzymes. nuclear spinsl > %, the nuclear quadrupole couplings
Mo ssbauer Spectroscopyin particular for iron-containing ~ become available and thereby valuable information about
proteins the application of Mwsbauer spectroscopy can electrical field gradients at the nuclei. For the detection of
deliver valuable informatiotf°17°This method has therefore  nuclei with small magnetic moments and small hf couplings,

been applied to [NiFe] hydrogenasés1’5[FeFe] hydrogen-  Which are sometimes difficult to detect in conventional
ased.15.136.13915L17179 gnd also to the [Fe] hydrogenase X-band ENDOR spectroscopy, special pulse EPR techniques

(Hmd)?557 all on 57Fe-enriched preparations. ‘gsbauer based on ESEEM (electron spin echo envelope modula-
spectra yield, via the isomer shift and the quadrupole tion)******are available (e.g., the 2-dimensional correlation
coupling, a detailed picture of the electronic structure of the technique HYSCOREY). An alternative to ENDOR is
metal nucleus (oxidation state, orbital occupation), its sur- Provided by ELDOR-detected NMRthat has recently been
rounding (type and symmetry of crystal field), and the used to detect th&'Ni hfcs in [NiFe] hydrogenase. For
changes that occur during the state transitions. In the casedistance measurements between electron spins various
of hydrogenases the problem is tht iron nuclei in the ~ Methods are availabié] the most popular one is pulse
protein (from the active site and the-F8 clusters) contribute  electron-electron double resonance (PELDOR)*® also
to the spectral response and it is therefore often difficult to called double electronelectron resonance (DEER}:*
interpret the spectra in a unique way. Nevertheless, valuable The application of modern EPR techniques, together with
information has been obtained for all three classes of isotope labeling and crystallization of samples, has provided
hydrogenase. a wealth of information about the paramagnetic states of
EPR SpectroscopyThe method of choice to monitor and ~ [NiFe] and [FeFe] hydrogenase that has been indispensable
characterize the paramagnetic redox states of the [NiFe] and" th_e glu_qdanon of the detalls of the activation/deactivation,
[FeFe] hydrogenase is EPR spectroscty3>180.181 A the inhibition, and the catalytic cycle of these enzymes. The
careful analysis of the spectroscopic parameters yieldsdetailed EPR work performed by various groups and the
geometric information on one hand but also information information obtained from this work is the major topic of
about theelectronic structureof the active center, the this review. We will focus on the [NiFe] and [FeFe]
electron-transfer chain, and other parts of the protein hydrogenases since no EPR experiments have so far been
containing paramagnetic sites. For transition-metal complexesreported for the [Fe] hydrogenase. The older EPR work has
in particular, a variety of information can be obtained, for authoritatively been covered in various reviews and book
example concerning the (formal) oxidation state and spin articles and the reader is referred to this work for further
state of the metal, the d-orbital occupation, the symmetry of details®>1%24°Here we will describe the more recent work
the crystal field, the type of ligands, the spin distribution, or Published during the past decade, including the important
the exchange coupling with other metal centé#s'® The EPR experiments on single crystals and the recent work using
spectroscopic parameters are tipeand electror-nuclear advanced EPR methods. Furthermore the indispensable
hyperfine tensors, nuclear quadrupole tensors, spectral line-support by modern quantum chemical calculations of the
widths, relaxation times, and the zero-field splittings (for magnetic resonance paramat&$® will be highlighted.
systems withS > %,). Standard CW EPR technigues have . . .
b)(/een instrumental i% the early detection and cha?acterization5- Magnetic Resonance Studies of [NiFe]
of the various paramagnetic states of [NiFe] hydroge- Hydrogenases
nasé*1®and [FeFe] hydrogenas&8.0f particular impor- : : :
tance is the ability to perform EPR experiments not only on %éd&vg?é't%vsv (())ff tEFe)REr?zp?;]:ga in the Various
liquid and frozen solutions (powders) but also on single y
crystal§*187.18hy which the full tensor information (mag- The active center in [NiFe] hydrogenases is rich in redox
nitudes and orientations) can be obtained. The spectralstates. In the oxidized enzyme a mixture of two redox states
resolution for overlapping sites and species can be dramati-called Ni-A and Ni-B is found. These forms are catalytically
cally improved by extending EPR to higher magnetic fields inactive and are activated by flushing the enzyme with
as in NMR spectroscopy® 19! In hydrogenase research, in - molecular hydrogen. The Ni-A and Ni-B states have different
particular the use of Q-band (35 GHz) instead of the activation kinetics, Ni-A takes much longer to be activated
conventional X-band (9 GHz) is sufficient for most cases to under hydrogen than Ni-B'2 For this reason the Ni-A state
obtain the required resolution and sensitivity (e.g., for small is also called the “unready” state and the Ni-B state the
single crystals). “ready” state. Characteristic EPR spectra farvinosum
For the measurement of hfcs and the elucidation of the hydrogenase are shown in Figure 4, tgevalues are
spin density at nuclei with no magnetic moment isotope summarized in Table 2. Upon one-electron reduction of Ni-A
labeling is necessary, for example, wiitNi and/or 5Fe, and Ni-B, the Ni-SU and Ni-SlIr states are formed. These
but also with'3C, 170, 23S, and other isotopes. The electron states have an even number of electrons, they are “EPR
nuclear hyperfine interaction of the ligand nuclei is often silent”. Whether or not they are paramagnetic is still a topic
too small to be resolved in standard EPR experiments, andof debate (see section 5.7). The Ni-SIr converts into another
more sophisticated pulse techniques must be used to obtairEPR-silent state Ni-SI& The distinction between these two
this information. A detailed overview of advanced (pulse-) states (“silent ready” and “silent active”) has been attributed
EPR techniques is given in Appendix I. The standard method to protonation and dissociation of the bridging hydroxyl
to achieve a better nuclear resolution is the electrurclear group. For the hydrogenase @& vinsosumat reduced
double resonance (ENDORj experiment with different  temperature an intermediate state could be distinguished in
variants (Mims, Davies, and Schweiger ENDOR; TRIPLE which the formed water is still present at the active site
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values are included in Table 2. Basically the same states with
very similar or identicalg values have been found for a

T Ni-A variety of catalytic [NiFe] hydrogenases from other bacteria,
60 K including D. desulfuricangNorway strainf% D. fructoso-
vorans2% M. voltae?” D. pulgaris Hildenborougt®® D.
vulgaris Miyazaki F¥” and A. vinosum®®

Ni-B
J\\H\//\ﬁ/\[wv For the recently published work on the cyanobacterial-
/U\ Ni-C

like uptake [NiFe] hydrogenase dicidithiobacillus (A.)
ferrooxidanssome peculiarities were observed. This hydro-

60 K
23K . . .. .
Ni-C genase is oxygen insensitive and no Ni-A state could be
split detected, only the Ni-B state is found. Interestingly, in this
42K enzyme the Ni-B state is light sensitive and converts to a

Ni-CO new redox state “N§L” with g values of 2.48, 2.23, and
2.1757 The EPR signals have been found for isolated
enzyme as well as in whole cells, indicating that the redox
states are not artifacts of the purification procedure and
concomitant exposure to oxygen. The enzyme is further
characterized by Ni-C and Ni-L states wighvalues similar
to those of, e.gA. vinosumhydrogenase, see Table 2. FTIR
studies have shown that the isolated form of the enzyme is
heterogeneous. Two species are identified, of which only
one (small fraction) gives rise to EPR sign&sFurther
,,,,,,,,,,,,, bt studies are needed to fully understand the electronic structure
23 22 21 20 19 of the active site.

g value In the following sections, an overview is given of the
Figure 4. Schematic overview of EPR spectra of the EPR-active investigations of these redox states by EPR and related

redo_)l(_"gle”;egiatef IA. ”i“?sli‘mh%’dmgeh”aste; fgg.tensf‘);vg“es. . dspectroscopies, with emphasis on the eludidation of the
see Table 2. Spectra are taken from chapter 7 in ref 7. Reprinte ; L : :
with permission from ref 7. Copyright 2001 Thomson Publishing electronic structure, composition of the active center, in

Services. particular the bridging ligand, and the catalytic mechanism.
First, the discovery of the presence of nickel in these enzymes

Table 2. Overview of g Values of the Redox States of the [NiFe] is discussed. The other sections are devoted to reviewing

Center Observed in [NiFe] Hydrogenases oA. vinosumand A. the spectroscopic properties of each individual redox state

ferrooxidans

and their interpretation.

redox state Ox Oy 0 species . . . .
NiA 232 224 201 Asinosum 5.2. The Presence of Ni and Fe in the Active Site
Ni-B 2.33 2.16 201 Awinosum The first EPR spectra of the F& clusters in hydrogenase
N!'C 221 215 201 Azinosum was reported in 19722211 and the first EPR of the active

i-L1 2.26 2.12 2.05  Awinosum ; .

Ni-L2 208 212 205  Aginosum center was recorded in 1982after Thauer et al. discovered
Ni-CO 2.12 2.07 2.02  Awinosum nickel in purified hydrogenase 1 year earfét The latter
Ni-B 2.33 2.19 2.00 A ferrooxidan$ measurement was performed on the enzymB .ofigasin
m:_B(':L %‘_‘ég %ig %‘ﬂ ﬁ: ;ggggi:ggﬂg a state, which was isolated under aerobic conditions. The
Nic-L 208 212 204 A ferrooxidang oxidized “unready” Ni-A signal dominated the spectrum and

. . the Ni-B form was observed as a minority species. Early
a Data taken from ref 7 and ref 157The four states (Ni-B, ML, - . . -
Ni-C, and Ni-L) have also been observed in whole cells &f reviews are given in refs 52, 53, 140, and 214. Since the

ferrooxidansand gave the same values as in the isolated enzyme ~ Crystal structure of the enzyme was not known at that time,
within experimental error (0.01). the exact composition of the active site was a matter of
debate. A major breakthrough occurred when Thauer, Al-
blocking the H-acces$?® Ni-Sla is highly active and can be  bracht, and, independently, Moura and co-workers decided
quickly reduced to give an EPR active state Ni-C. The to examine the presence of nickel 8i (I = 3/;) isotope
values of the Ni-C state in all [NiFe] enzymes studied so labeling?'5218 The studies were carried out on the hydro-
far typically amount to 2.01, 2.15, and 2.21 with variation genases fronviethanobacteriuniM.) thermoautotrophicum

of about 0.01. At low temperature, the Ni-C signal splits andD. gigasand revealed a rich hyperfine structure. The
owing to spin-spin interaction with the proximal [4Fe4S] 6INi hyperfine coupling constani(x,y,2) = 21.0, 42.0, 75.9
cluster, as will be discussed in section 5.4. Moreover, the MHz, elucidated for the Ni-A state d¥l. thermoautotrophi-
Ni-C state can be converted by light into another redox cum confirmed the presence of nickel as the central metal
state!*>146which is called Ni-L. Two subforms exist with  of this enzyme. Only after the publication of the first crystal
differentg values; Ni-L1 and Ni-L2 (see Figure 4 and Table structure in 19952 the structure of the active siténcluding

2). Their relative ratio depends on the time of exposure to the presence of iron as a second metal of the bimetallic
light and the temperatufé’ Upon further reduction in the  center-was revealed. Shortly afterward, EPR and ENDOR
presence of kithe most reduced state Ni-R is formed, which measurements &fFe enriched hydrogenase confirmed the
is again EPR silent. Three subforms of Ni-R have been presence of iron close to nickel, but the observed coupling
identified forA. vinosumhydrogenas® It is unclear whether  to the unpaired electron was found to be so small that the
these substates are also present in other hydrogenases. Updron was assigned to be diamagnetic in all redox states of
flushing the Ni-C state with CO, the enzyme is inhibited, the metal centet'® EPR signals typical for a nickel center,
and another EPR spectrum appears (see Figut® Fheg that is, that of [NiFe] hydrogenases, have also been observed
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Figure 5. (a) Overview of the single-crystal EPR experiment, performed on the Ni-C and Ni-L stdlesulfjaris Miyazaki F hydrogenas¥.

EPR spectra are recorded as a function of the orientation of the crystal in the magnetic field; a set of spectra is shown in panel b. Analysis
of the EPR spectra (Ni-C and Ni-L2 are simultaneously detected) gives information on the magnitude and axes directions of the complete
g tensor with respect to the crystallographic axes (c). For further details see text and ref 94.

later in other catalytic [NiFe] hydrogenade¥7.205208 (see 5.3. The Oxidized (As-Isolated) States
above). InR. eutrophahe membrane-bound, the regulatory,

and the NAD-reducing hydrogenase have been investigat- Jnder aerobic, oxidizing conditions the [NiFe] hydroge-
ed50220-222 | contrast to the other enzymes, it is proposed nases are inactive and are “parked” in a resting state. For

the catalytically active hydrogenases a mixture of two redox
from EXAFS spectroscopy for the latter two enzymes that a ! . :
more significant structural change happens upon reduction, StAtES ExIsts, they are called Ni-A azr;gl Ni-B. Both states have
which is still under debatts16416822C oncomitantly, FTIR also been observed in intact cefté?°albeit with slightly

measurements indicate the presence of more than thre-%"cferent EPR sprectrayvalues). The Ni-A and Ni-B states
inorganic diatomic ligands in the active site for the NAD- ave the same oxidation level, but they are characterized by

. ; different g tensors in the EPR spectrum. Thevalues are
,158,224,225
reducing hydrogenasé? which can even cleave oy 5 35 "5 24, and 2.01 for Ni-A and 2.33, 2.16, and

hydrogen in the presence of oxyg@hin recent chemical 2.01 for Ni-B and show remarkably little spread in [NiFe]

analyses,ttggs poreser]lct(ra] of ftour cya_no:de _grgups drl[as_ beerhy drogenases of different origin. This shows that the active
corroborated:* Une of the extra cyanides 1S bound t0 1ron - e st pe structurally and electronically very similar in

and one to nickel. In the oxidized state the nickel is thus p o :

6-coordinaté®6-222 Activation removes the bridging ligand ngys ?Nfgé?lzggrgélgrr](;%ing;?séuliggﬁgnr;oglcaaéazg%arleguIa

and leads to catalytically active 5-coordinate N observed in the oxidized state, indicating that this protein
After the initial use of*Ni to prove the presence of nickel  cannot reach the typical Ni-A and Ni-B states and is EPR-

in the active site, this isotope has not been used for a longsilent under oxidizing conditior:59.230.231

time to extract more detailed information in terms of ] . ]

electronic structure. Only recently, the investigation of the 5.3.1. g Tensor Analysis and the Ligand Field

5INi hyperfine coupling constants have been determined for By using single-crystal EPR spectroscopy, the complete
the EZF;R-detectabIe statesDn vulgaris Miyazaki hydroge- ¢ tensor, including directions of the principal axes can be
nase?’ It was found that for Ni-A, Ni-B, and Ni-C the largest  getermined with respect to the crystallographic axes, and thus
®INi hyperfine coupling is similar and is oriented along the 5 the geometry of the active site. An overview is given in
g axis, whereas the other components show some differ-Figure 5. If the orientation of the crystal with respect to the
ences. All three sets are fully compatible with a formal'Ni  direction of the magnetic field is changed, the EPR spectrum
oxidation state, with the unpaired electron in the: 8dbital changes as well. By analyzing the orientation dependence
as also shown by DFT calculatiof®.Only the Ni-L2 state  of the EPR signals, the principal directions of #péensor
shows markedly different signals and the largest splitting is can in principle be elucidated with respect to the directions
observed alongy.. This difference is, however, mainly  of the crystallographic axes. By combining this information
attributed to a change of the isotropic hyperfine coupling, with the crystal structure, the orientation of thpéensor axes
which may be the result of a small admixture of the23d with respect to the geometry of the active site is found. The
orbital into the wavefunction of the unpaired electi8h. g tensor directions, which can only be retrieved by perform-
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Figure 6. Stereoview of the directions of the principal axes of the
g tensor with respect to the geometry of the active site, for the
cases of Ni-A, Ni-B, Ni-C, and Ni-L2 irD. vulgaris Miyazaki F

[NiFe] hydrogenase. Data taken from ref 94.

ing experiments on single crystals, give important informa-
tion on the part of the wavefunction of the unpaired electron
on nickel and the ligand field, of which an overview has
been given in a recent contributid#.For single crystals of
D. wulgaris Miyazaki F hydrogenase, it was found that the
g, axis for both the Ni-A and Ni-B states is parallel to the
direction from nickel to the axial sulfur, see Figuré®6188
thus confirming a five-coordinate square pyramidal ligand
field environment, compatible with earlier published X-ray
structure$356 In this situation, the nickel atom is formally
in the trivalent Ni' state and carries seven d-electrons, of
which the unpaired electron is in adrbital. Theoretically,

the g values are described by eg 2 in Appendix .

A striking difference between Ni-A and Ni-B is the center
g value,gy, = 2.24 for Ni-A andg, = 2.16 for Ni-B. The
difference is observed in the Ni-A and Ni-B states of many
hydrogenases. By examining eq 2 (Appendix I1) ¢prthis
difference between Ni-A and Ni-B may be caused by a
different energy of the ,d orbital, which seems to be

Lubitz et al.

along thegy direction, which would destabilize the @rbital
for Ni-A.

In recent work by Ogata et al., using }ato prepare the
Ni-A state* a new redox state has been observedin
vulgaris Miyazaki F hydrogenase witlpvalues of 2.00, 2.14,
and 2.29. It was noted that this signal appears at the expense
of Ni-B.” The NaS treatment left the Ni-A signal virtually
unchanged. Oxidation with &zonverted the new signal into
Ni-A. The new redox state disappears after dialysis to remove
the excess N&, but Ni-A remains stable and no reappear-
ance of Ni-B was observed. Moreover, it was suggested that
the new redox state undergoes electron transfer with the [3Fe-
4S] cluster upon addition of traces ob.0 At present the
composition of the active site in this new redox state, called
Ni-B*, is not clear!* but from theg values, it is suspected
that it also concerns a square pyramidal ligand field, possibly
with a sulfur bridge between Ni and Fe.

5.3.2. Hyperfine Interactions

When the unpaired electron is delocalized over the active
site, the magnetic interaction between the electron spin and
the nuclear spins of nearby nuclei with> 0, that is, the
hyperfine interaction can be measured to determine the
ligand-based part of the wavefunction of the unpaired
electron. Several EPR related techniques, like ENDOR and
ESEEM are designed for this purpose. A description of these
methods is given in Appendix I.

6INi. In principle, the hyperfine and quadrupole coupling
constants of*Ni can be used to examine the direct electronic
environment of nickel and, indirectly, to obtain information
about the identity of the ligands to nickel, which up to the
time of this review is still under debate for Ni-ANi
hyperfine coupling constants fdp. yulgaris Miyazaki F
hydrogenase are now available from BPRnd for the Ni-B
state from ELDOR-detected NMR measureméisThe
latter also yield the nuclear quadrupole coupling constants
and thus the electric field gradient at the nickel.

5Fe. ENDOR measurements &fFe enriched hydrogenase
did not result in the observation of largée hyperfine
coupling constants in both the Ni-A and Ni-B statés.
Couplings of about 1 MHz were observed for Ni-A, and for
Ni-B (and Ni-C) virtually no signal was observed. The iron
was therefore assigned to be diamagnetic in all redox states,
most likely it is in the F&" low-spin state’!®

335, 7’Se.Ligand hyperfine interactions have been studied
for several ligand atoms, mainly protons and nitrogen, but
also335232 and 7"Se?34-2% |n the case of*S enrichment, a
large hyperfine interaction is observed along gheompo-
nent of the Ni-B state. This coupling was assigned to one
coordinated sulfur atorf#3 By comparison with DFT cal-
culations, this likely concerns the cysteine sulfur in the axial
position of the square pyramid (see section 5.8). The
observed hyperfine interactions fg6e in [NiFeSe] hydro-
genase in the oxidized statesdfbaculatumare small, they
concern an atom in the equatorial (xy) plane of the square
pyramid as confirmed by both X-ray structure analifsimd
comparison with hyperfine data derived from DFT calcula-
tions23” The observed coupling constants for bé# and
"'Se are thus compatible with the picture of the spin density

destabilized in the case of Ni-A. On a molecular level, the being in the 3¢ orbital in the ground states for both Ni-A
reason for this has not yet been determined, however, it mightand Ni-B233-2%7
either be related to the presence of an additional oxygen at 1’O. Hyperfine interactions can also be used to establish

a cysteine located along tlgg direction (see Figure 6) or an

the identity of ligands, such as the bridging ligand between

out-of-plane reorientation of the equatorial cysteine ligands nickel and iron, which changes upon activation of the



Magnetic Resonance of [NiFe] and [FeFe] Hydrogenases Chemical Reviews, 2007, Vol. 107, No. 10 4343

ENDOR proposed by Volbeda et al. to be a species with two non-
35 GHz hydrogen atoms, for example, OOH was most compatible
with the presence of OHfor Ni-A.244 Another proton hyper-
fine interaction has been observed by high-resolution EPR
spectroscopy oA. vinosumhydrogenasé&® In this respect,

it is interesting to note that recent electrochemical data, using
a procedure with N& to obtain Ni-A, identified a-sulfido
bridged species iD. vulgaris Miyazaki F? for which no
EPR or'H ENDOR data are available yet. In summary, the
identity of the third bridging ligand in Ni-A (OHor OOH")

has not been clarifield yet. This is, however, important for
understanding this oxygen-inhibited state of the enzyme.

14N/*N. Nitrogen hyperfine interactions have been ob-
served as well, stemming from a histidine which is hydrogen
bonded to the axial cysteine in the catalytic hydrogenases.
ForD. gigashydrogenase in the Ni-& state and. vulgaris
T Miyazaki F hydrogenase in the Ni-B st&t€,'N hyperfine
5 10 and quadrupole coupling constants have been obtained from
Frequency, MHz q P piing ;
_ ’ _ _ ESEEM spectroscopy. In both cases, virtually the same
Figure 7. 35 GHz''O CW ENDQR ofD. gigas[NiFe] hydro- coupling constants were derived and were interpreted as
genase in KO (dashed) and in $1°O (solid). (&) Ni-A, exchanged  yegylting from a highly conserved histidine forming a weak

into H,'70. (b) Ni-C in K70, generated by Hreduction of the AR : : ; .
Ni-A samples from panel a. (c) Ni-A in £’0 after one reduction/ N—H---S bond to the axial cysteine. The H-bond is probably

reoxidation cycle, (Ni-A— Ni-C — Ni-A). (d) Ni-C, generated by placed to fine-tune the electronic structure of the [NiFe]

H,-reduction of the Ni-A samples from panel c. (€) Ni-A in#D center. Two [NiFe] hydrogenases frdvh thermoautotrophi-
after two reduction/reoxidation cycles, (Ni-4 Ni-C — Ni-A — cumhave also been investigated, of which only one, the F
Ni-C — Ni-A). Conditions: g = 2.31 (Ni-A) or 2.19 (Ni-C);T = reducing hydrogenase, showed characteristic signals of a

2 K. Spectra are reproduced from ref 90 with permission. (Copyright nitrogen coupling*®
2002 American Chemical Society.)

) ) 5.3.3. Activation and Inactivation Studies

enzyme. For example, ENDOR experiments Dngigas
hydrogenase usingO revealed large and anisotropi© Activation studies in combination with, for example, FTIR
hyperfine coupling constants for Ni-A, which show that the Spectroscopy-**and electrochemistf§® have shown that the
bridging ligand is oxygen-based, and that it can only be Ni-B state is rapidly activated, at room temperature within
exchanged t0'’O after first completely removing it by  seconds, whereas the Ni-A state is only activated in minutes.
reduction followed by a reoxidation stépThe experiment ~ Moreover, the Ni-A/Ni-SU redox couple has been investi-
is shown in Figure 7. Trace (a) contains the spectrum in gated by redox tritrations monitored by EPR and the midpoint
H,%60, (b) after exchange to44O, (c) after one reduction potential was found to depend on the pH (Rrgigas —150
oxidation cycle, (d) the reduced enzyme, and (e) again MV at pH 7.0 and—220 mV at pH 8.8°%). The pH
oxidized. For Ni-B, such a study has unfortunately not been dependence of-60 mV/pH unit indicates that the one-
performed yet. The X-ray structural data on the vast majority €lectron reduction of the active site is accompanied by a
of hydrogenases indicate that the bridging ligand is also protonation of the enzyme. The midpoint potential of the
oxygen-based, and experiments wil® using molecular ~ [3Fe—4S] cluster is about-70 mV?2%? For A. vinosum
170, already showed an increase in EPR line width for both hydrogenase, it has been shown that the Ni=ANi-SU
the Ni-A and Ni-B state8® reduction is reversible, but the Ni-B> Ni-Slr reduction

H. Investigation by ENDOR spectroscopy of the Ni-A strongly depends on pH and temperature. At pH 6.0 and 2
state revealetH hyperfine couplings ranging from 0to 12.8  °C the reduction was completely irreversible, at pH 8 and
MHz.238 None of the protons were found to be exchangeable. 30 °C both reduction steps were reversibigRecently, also
The large hyperfine coupling constants result fromHeH, for A. vinosumhydrogenase, it has been demonstrated that
protons of the axial cysteine of the square pyrafid the Ni-A state does not directly react with hydrogen and first
again confirming the 3elground state. For the Ni-B state, has to undergo a conformational chan®lhe ready state,
ENDOR and HYSCORE spectroscopiirst on frozen however, activates after a lag phase of about 6 seconds and
solutions ofA. vinosumand D. vulgaris Miyazaki F239:241 can react with substoichiometric amounts ef Bne has to
and later on single crystalsn combination with DFT be careful, however, to generalize these results to [NiFe]
calculationd*revealed additionally &1 hyperfine coupling ~ hydrogenases of other organisf$.For M. formicium
constant for an exchangeable proton in the equataxial (  hydrogenase, the midpoint potential for activation lies at
plane that could only be assigned to the bridging ligand, and —300 mV2*For the [NiFe] hydrogenase &f. desulfuricans
this ligand was thus assigned as an Oif Ni-B.24° By the midpoint potential for the Ni(Ni-B)/Ni" couple was
careful analysis of the orientation dependence of the single-determined to be-170 mV, that of reduction of Ni-C at
crystal data, one out of two possible conformations for the —360 mV, and that of reduction of the [3FéS] cluster at
OH- in the bridging position was favored, where the proton —75 mV2>* Other enzymes that have been studied by EPR

is found in thexy plane (see refs 239 and 240). and electrochemistry which showed similar results @re
Theg values of the Ni-A state were also found to be most salexigen$® D. desulfuricansstrain Norway;* D. gigas?>" 2
compatible with the presence of an OHigand?242243 A andM. thermoautotrophicungstrain Marburgy°

reanalysis of the recent X-ray structure for Ni-A by Soder-  The above studies reveal that the activation of the Ni-B
hjelm et al., which originally contained a bridging ligand state proceeds readily, albeit with a thermal activation barrier
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Scheme 2 currently limits the use of hydrogenases for a biotechnology

. . A TP that combines light-induced water oxidation (producing
(@) +02+36 *IHT— N':io: Fe'f +H,0 oxygen) and hydrogen production by hydrogenases.
" :

5.3.4. The Fe—-S Clusters

(b) +0,+e +H"  —Ni"OOH- Fe'| In the Ni-A and Ni-B state, the oxidized [3FeSE*
Ni-Sla Ni-A cluster is also paramagnetic, the [4MHS] clusters are
diamagnetic. The [3Fe4SP cluster carries a spig = 1/,
(c) + 0,+e +2H" —-‘ Ni“'Fe"I or | Ni"Fe"|+H,0 and interacts magnetically with the electron spin on the
Ni-Sla $=0 [0] [NiFe] center265266The [3Fe-4SP* cluster is characterized
Ni-A Ni-A by a narrow, radical-like signal witly values of 2.0113,

2.0176, and 2.0261, and the principal direction ofghensor

for some enzymes, whereas the Ni-A state most probably has been obtained by single-crystal studies at W-band (95
does not directly react with hydrogen, but first has to undergo GHz) for the enzyme oD. vulgaris Miyazaki F2°7 It has
an as yet unknown conformational change. From the similar- been demonstrated that the [3FRSF+ cluster exists in two
ity of the midpoint potential of the [4Fe4S] clusters, itis  forms that are characterized by different relaxation tif§és.
very likely that the electrons of the turned-over hydrogen By performing ESEEM and HYSCORE measurements, a
travel from the [NiFe] center to the [4FelS] clusters. nitrogen in the coordination sphere of the [3SF cluster

The inactivation of activated enzyme has also been has been identifieéf’
investigated. Initially, it was found that even in as-isolated  The [3Fe-4SE* cluster was also investigated by ENDOR
preparations oA. vinosumhydrogenase, a “defect” inactive  spectroscopy antdFe labeling in the enzyme frol. gigas
form exists, which is independent of the relative ratio of Ni-A  The observed signals could be best understood by assuming
and Ni-B. This form can, however, be repaired by a chemical a model in which the cluster would have a bimodal
procedure®! By using G or CO the protein can be inac-  distribution268 |t was observed that the iron with the largest
tivated*°In the case of @ theA. vinosumenzyme became  spin density has different properties in both forffs.
inactivatgad in 158 ms and the_n re;sided in' the Ni-B s}&e. With PELDOR spectroscopy, the strength of the dipolar
For D. gigashydrogenase, oxidative titrations and simula- spin—spin interaction between the weakly coupled [NiFe]
tions thereof have shown that the active Ni-C state is two gng [3Fe-4SP+ centers can be measured, which allows the
electrons more reduced than the Ni-A and Ni-B stété%*  getermination of the effective distance between the two

It is striking that after inactivation of the active enzyme clusters. The spiaspin interactions have been obtained for
by O,, the [NiFe] center resides mostly in the Ni-B state, D. yulgaris Miyazaki F hydrogenas&?27°In the interpreta-
not Ni-A. It seems as if the as-yet unknown conformational tion the spin density distribution over the [3F4SP cluster
change, which was necessary to activate Ni-A, is also had to be considered.
required in the reverse direction to obtain the Ni-A state again |t js not immediately clear why a [3Fe4S] cluster instead
after inagtivation. Whether this happens at the oxidation level of a [4Fe-4S] is actually present in the enzyme. Especially
of the Ni-B or of the Ni-Sir state (i.e., the EPR-silent one- the midpoint potentials do not seem to be well adjusted to
electron-more-reduced equivalent to Ni-B, “Ni-B silent”, or  those of the electron transport chain and the [NiFe] céfiter.
“silent-ready” state), or with which kinetics and temperature |t may be that the [3Fe4S] cluster with its rather positive
behavior this process is associated, is still unclear. It is anpotential plays a role in effectively trapping electrons from
important result, however, for the inhibition of the enzyme the active site rendering the reaction betweenaHd the
by O, (vide infra), since it indicates that Qtself does  ready enzyme irreversibfé Furthermore, it has been
inactivate the enzyme, but only to the Ni-B state, which is speculated that the [3FelS] cluster protects the enzyme
eaSily activated again. To further inhibit the enzyme, most against oxidative damage in nature. A mutantDoffruc-
likely, a conformational change has to occur. In this respect, tosaoransin which the [3Fe-4S] cluster was changed to a

from electrochemistry data, injection of, @redominantly [4Fe—4S] cluster became highly sensitive towargl’®
under reducing conditions (0 mV ipresent) yields the Ni-B

state in theA. vinosumenzyme. At higher potentials-@Q00 5.4. The Active Intermediate State

mV, under N) more than 80% of the enzyme converts into ) , ,

the Ni-A state®®% On the basis of these results and the 9-4.1. g Tensor Analysis and the Ligand Field

available EPR and structural data, Armstrong and co-workers Upon activation of the enzyme by,Hnd a sufficiently
suggestet¥?264that when electrons are abundant, reduction long incubation time, a new paramagnetic redox state can
of O, proceeds on a fast time scale by four-electron reduction be observed. It is characterized byalues of 2.01, 2.15,
into two water molecules (one effectively retained as@H  and 2.20 and named Ni-C (see Figure 4), with remarkably
However, when electrons are not abundaatr€acts only little variation among the catalytic [NiFe] hydrogenases of
to peroxide, thus creating a powerful and potentially damag- different origin. Also the regulatory hydrogenase has a Ni-C
ing oxidant to attack the active site producing Ni-A and other redox staté®230The Ni-C state is an active state, which is
products with oxidized cysteines £ and or S-OH of key importance in the catalytic turnover of molecular
groups) (see Scheme 2). On the basis of the recent investigahydrogen. Since one of thggvalues (2.01) is very close to
tions of the Ni-A state this intermediate may carry a peroxide the free electromy value g. = 2.0023), this redox state is
or hydroperoxide ligand in the bridge between Ni and+&. most probably characterized by aBdround state. An

A hydroxide ligand has also been suggested on the basis ofinvestigation by X-ray crystallography has not revealed
spectroscopic and theoretical studi&43244n both X-ray substantial electron density at the position of the bridging
structures an oxidation of cysteine sulfurs is also evidgfi. ligand between nickel and irdAHowever, studies by single-
These results are of great importance for understanding thecrystal EPR spectroscoffyshowed that the.caxis of the
inhibition of the enzyme by molecular oxygen which 3dz orbital is approximately parallel to the bond direction
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Figure 8. Top: orientation selected HYSCORE spectra at X-band
recorded at the three canonical orientatiamsdy, g,) for the Ni-C

state in the regulatory hydrogenasdbfeutrophan 2H,0 activated

with 2H,. All observed ridges in the spectrum stem from the hydride
bridging ligand tH™), located in thexy plane of the square pyramid
(cf. Scheme 3). Middle: simulations of the experimental spectra.
Bottom: HYSCORE spectra of the Ni-L1 state. As is seen in the
spectra, the strong couplings have disappeared, indicating a
photodissociation of the hydride bridge upon illumination. Data are
adapted from ref 93.

from nickel to the axial sulfur, as was the case for the

oxidized states Ni-A and Ni-B, see Figure 6. It also strongly

indicates that the ligand field is still square pyramidal and

that the bridging position, found to be empty in the crystal

structure, is likely occupied by a light atom, which cannot

be observed in the X-ray experiment, that is, by a hydrogen
species. The presence of a hydrogen species in the bridgin
position will be discussed further in the next section. The
nickel atom is then still characterized as being five coordi-

nate.

5.4.2. Hyperfine Interactions

IH. Pioneering work in the group of Hoffman using
ENDOR spectroscopy has revealed an exceptionally strong
IH hyperfine interaction of an exchangeable proton with an
effective coupling of 16.8 MHZ2% In this work, another

Chemical Reviews, 2007, Vol. 107, No. 10 4345

Scheme 3

few=1.72 A

hyperfine coupling constants have been determined from the
shape of the cross-ridges that show an unusual anisotropy.
The dipolar coupling turned out to be so large that the ridges
could only stem from a proton close to the spin center (Ni).
The signals were assigned to a formal hydride. The analysis
of the data shows that the"Hbccupies the bridging position
between Ni and Fe. Because of its small isotropic hyperfine
interaction, it resides in the equatorial plane of the Gibital

at nickel and in the base plane of the square pyramid. A
schematic overview of the active site in the Ni-C state is
given in Scheme 3. The Ni-C active site is indeed two
electrons more reduced than that of Ni-A and Ni-B, but the
valence state of nickel remains formally "Niwith a
coordinated hydride. The Nivalence state is in agreement
with results from EXAFS spectrosco}sy and EPR inves-
tigations of synthetic model syster#§.2”> A formal assign-
ment as Niwould lead to a 3@-y2 ground state with the
lobes of the 3@_2 orbital pointing toward the hydrogen,
which is incompatible with both EPR measurements of single
crystal§* and ENDOR measurements of frozen solutigns.

6INi. ®INi hyperfine coupling constants have been mea-
sured forD. vulgaris Miyazaki F hydrogenas®’ The largest
coupling is found along theg, canonical orientation

9A, = —75 MHz), thus confirming that the electronic ground

state of Ni-C is similar to that of the oxidized Ni-A and Ni-B
states.

1N. The*N hyperfine and quadrupole coupling constants
observed for the oxidized states have also been detected in
the Ni-C state D. gigas enzymef“¢ indicating that the
hydrogen bond of histidine to the axial sulfur is still present.
In the regulatory hydrogenase Bf. eutrophawhich does
not display a Ni-A or Ni-B EPR spectrum, rdN signals
are observed. The amino acid sequence of this protein does

exchangeable proton was detected with an effective hyperfinenot contain a histidine that forms a hydrogen bond to the
coupling constant of about 4.4 MHz. Also two nonexchange- axial sulfur. However, introduction of a histidine at this

able 5-CH, protons have been observed which are domi- yosition (GIn— His) by site directed mutagenesis restores
nantly isotropically coupled and belong to the cysteine the nhydrogen bond and gives rise to essentially identical

associated with the axial direction of the square pyrathid. ESEEM spectra as those observed for the catalytic hydro-
A simple analysis of the dipolar coupling yields an Ni-H genasesd®

distance of 1.63 A in very good agreement with a DFT

calculation (i = 1.61 A, reeq = 1.72 A) that also  54.3 The Fe-S Clusters

reproduced the tensor magnitude and orientation of the

bridging hydride quite welf3 In catalytically active reduced hydrogenases, the proximal
The hyperfine coupling tensor components of the strongly [4Fe—4S] cluster is also reduced and gives rise to a

coupled proton have later been more completely determinedparamagnetic state. The Ni-C state interacts strongly with

by ENDOR and in particular HYSCORE spectroscopy for this [4Fe-4S]" cluster, whose interaction is so large that

the regulatory hydrogenase Rf eutroph& and the catalyti-
cally active hydrogenase dd. vulgaris Miyazaki F2> An
overview of the HYSCORE spectra &. eutrophahydro-
genase in BO recorded at the three canonical orientations
and corresponding simulations is shown in Figure 8, where

the spectrum broadens and even splits at low temperatures
(see Figure 4), as has been observeddfogigas?>%-27¢ A.
vinosum*4® M. thermoautotrophicuri® and D. wulgaris
Miyazaki PS> hydrogenase. The observed splitting has been
advantageously used to determine the magnitude of the-spin
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spin interaction between the two metal centéfs?’® At
higher temperatures, the spin relaxation of the [4&8]
cluster becomes so fast, that the spépin coupling is

Lubitz et al.

sensitivet*® Concerning the EPR-silent Ni-CO (silent), it was
found that the CO directly binds to the active site, preferably
to the Ni-Sla state; the paramagnetic Ni-CO (active) species

averaged out. The coupling is absent over the wholeis formed on a much slower time scaf.The EPR-

temperature range in the regulatory hydrogenaseRof
eutropha for which the proximal [4Fe 4S] cluster remains
in the oxidized diamagnetic steffeand an unsplit Ni-C signal
is observed at low temperatures.

Using redox titirations, the midpoint potential of the
[4Fe—48S] cluster has been estimated frgigashydroge-
nase. It was found to be pH dependent and amounte@7®
mV at pH 7.0 for the appearance artB90 mV for the
disappearanc¥®From the relative ratio of “split” to “unsplit”
Ni-C, the midpoint potential of the proximal [4F€S]
cluster was found to be about350 mV and changed by
—60 mV per pH unit*® Thus, by carefully setting the
potential, it is possible to optimize the amount of unsplit
Ni-C and perform ENDOR and HYSCORE measurements
at low temperatur&?8° The midpoint potential for the
[4Fe—4S] cluster in the regulatory hydrogenase Rf
eutrophais obviously lower, because no split Ni-C signals
are observed at any temperature.

5.5. Inhibition of the Enzyme
5.5.1. Inhibition by O,

detectable Ni-CO (active) state hgsalues of 2.02, 2.07,
and 2.12 and an isotropiéC (*3CO) hyperfine interaction
of 85 MHz8%14° The obtained results were analyzed by
combining them with results from DFT calculations, where
it was found that thg values and the observétC hyperfine
coupling of 3CO inhibited enzyme were most compatible
with an axially bound CO and a formal Nedox state. The
Ni-CO (active) state likely has an empty bridging positi&h.

In a recent work using X-ray crystallography on the CO
inhibited form, the CO has indeed been found in an axial
coordination position to nickel, but binds under an angle of
160 degree$ which is compatible with DFT calculatiori®
Interestingly, the Ni-CO (active) state also shows a split
signal at low temperature (see Figure 4) and is light
sensitive?® Upon illumination the CO is reversibly dissoci-
ated’®

5.5.3. Other Inhibitory Agents

It is known that the enzyme can be inhibited by copper
and mercury salt®4285Qther, less common chemicals can
be used for inhibition as well. For example, fér roseop-
ersicina hydrogenase, it was found that the Ni-C signal

A major concern in practical applications of hydrogenases disappears upon addition of acetylene. Such an effect was

for the production of hydrogen is oxygen sensitivity. Oxygen

not observed foD. baculatumhydrogenase, whereas both

inactivates the enzyme, and in some cases even cause8nzymes are irreversibly inhibited by iodoacetantie.
irreversible damage. Oxygen sensitivity studies have recently . .
been investigated using site directed mutagenesis by which9.6. Light Sensitivity of the Enzyme

certain amino acids are exchanged near a putative gas The Ni-C state is light sensitive and can be converted

channel, which is used by hydrogen to travel from the protein

surface to the active sité! In these studies, the width of
the gas channel was changed which indeed affected th

under illumination and at low temperature to another state,
which is called Ni-L, see Figure 9 (top). Depending on the

€ource of the enzyme, the temperature and the illumination

oxygen tolerance. [NiFe] hydrogenases vary with respect to ime yp to three different Ni-L states may be observed in

their oxygen sensitivity depending on the origin of the
enzyme. For example, the extremophAguifex aeolicus

contains three [NiFe] hydrogenases, two membrane-bound

and one solublé®! they have all been found to be thermo-
stable and oxygen tolerafi The membrane-bound, soluble,
and regulatory hydrogenases Bf eutrophaare oxygen

catalytic [NiFe] hydrogenases, which are usually called Ni-
L1, Ni-L2, and Ni-L3. Theg values vary slightly depending
on which species is studied. Fér vinosumhydrogenase,
they amount typically to 2.30, 2.12, and 2.05 for Ni-L1 and
2.27, 2.12, and 2.05 for Ni-126 (see also Figure 4). For
Ni-L3, only two g values are known, 2.41 and 2.16; the third

tolerant as well. Most other enzymes are not oxygen tolerant qq, ;|4 not be determined. When the temperature is raised,
to varying degrees. Moreover, as was stated before, onlyyically to about 170 K, the Ni-L states convert back to
when mtroducuop of @is accompanied by a conformau_onal Ni-C as is shown in Figure 97163

change of the [NiFe] center, the enzyme is strongly inhibited. 1o 4ction spectrum associated with the Ni-C to Ni-L2
For these reasons, from the point of view of EPR SPectros- o ersion is shown in Figure 9b. It displays a broad band

copy, it is difficult at present to make general statements yhat spans the entire visible range. Structure was observed

about how @ may be bound, how it inhibits the enzyme, or

how oxygen inhibition may be prevented (for example, does

it block the gas access channel fog, the width of which

may vary between enzymes of different origin). On the basis

of X-ray crystallography, however, a diatomic bridging
ligand, most probably OOHwas proposed for Ni-A, with
the possibility of additional modifications at the cysteiffe%,

in the spectrum, which has local maxima at 590, 700, and
850 nm. The two maxima at 590 and 700 nm are close to
maxima observed in the UWis spectrum of the reduced
enzyme. This correlation indicates that the Ni-C to Ni-L
conversion may be triggered by absorption of white light
by the [NiFe] center itself, either via a ligand-to-metal charge
transfer or d-d transitiong®” This is in-line with the MCD

indicating that @ may undergo a reaction, possibly not a spectrum of the Ni(lll) form of hydrogenase from.

specific one, near the active site, see Scheme 2. As alreadynemoaytotrophicumwhich shows a signal assigned to a
mentioned, this reaction depends on the abundance of.i-xol d—d transition between 550 and 700 &,
ele(;:trons;gg\lgl;A is formed only at high potentials200 mV Theg, value of the Ni-L states is significantly shifted away
under N).* from the free electromy value, it is typically 2.05. Thigy
e value indicates that the wavefunction of the unpaired electron

5.3.2. Inhibition by CO on nickel cannot be described anymore by a puse@dtital.

In the case of CO inhibition foA. vinosumhydrogenase,  Most likely, the 3¢k_,2 orbital mixes with 3.8 However,
two EPR signals were observed, only one was light- single-crystal EPR experiments have shown that the direction
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5.7. EPR-Silent States
214

l 2015 The EPR-silent states of [NiFe] hydrogenases ate(di)

|Ni-C states, which can adopt a low-spin or high-spin electronic
configuration?®® They have been proposed to exist in high-
spin (S = 1) states by XAS spectroscofff.The high-spin
or low-spin character of the “EPR silent” Nistates is
determined by the energy splitting of thezg and d2
orbitals. When these orbitals are near-degenerate, the high-
7 33 73 3 spin ground state is favored and both orbitals carry one
' ‘gvalue ' electron. A distortion which most efficiently brings the g
100 orbital down in energy is one toward a trigonal bipyramid.
Whether or not the orbitals come close enough together that
the high-spin state becomes the ground state is an open
{1500 question that could be addressed by high-field EPR spec-
troscopy experiments in the future.

a 2.20
i

EPR Amplitude (1" derivative)

80 + 42000
60
40t v 41000

1500 5.8. Other Hydrogenases Containing Nickel

Conversion [%]

201

{0 A sulfhydrogenase has been investigated fReyrococcus
800800 1000 (P.) furiosus?**292Though the enzyme was found to contain
A [om] nickel, no characteristic Ni-A, Ni-B, or Ni-C signals were

observed, as in the NAD-reducing hydrogenase friam
eutropha'®® The g values of [1.92, 1.95, 2.02], [1.89, 1.93,
2.07], and [1.98, 2.25] were all assigned tofSclusters.
The results indicate that a [NiFe] center typical for standard
hydrogenases is not present in this enzyme and that th& Fe
clusters may play a crucial role here. Essentially the same
observations have been made for the hydrogenase from the
thermophileT. stetterj?®® A. aeolicus’®* andT. litoralis,?**
01 : : . . but for the reduced state of a membrane bound hydrogenase

0 50 100 150 200 250 in P. furiosus a Ni-C signal was observée For the enzyme
_ e _ of A. ferrooxidan®” a Ni-C state has been observed as well.
Figure 9. (a) EPR spectra of the Ni-C and Ni-L2 statesDn This enzyme also displays a Ni-B state with slightly changed

vulgaris Miyazaki F [NiFe] hydrogenase. (b) The action spectrum - . S
(dagshed Iir¥e) assoc[iated]wi}tlh thge Ni-C tc() ?\li-Lz convers?on. The 9 values, but little more information is known about the exact

observed structure in the action spectrum seems to be correlated00rdination or functional role of nickel in these enzymes.
with weak structural features observed in the-tls spectrum of

the reduced state (shown as solid curve). Data taken from ref 287.5 9. DFT Calculations and Electronic Structure
(c) Temperature dependence of the annealing process from Ni-L2

back to Ni-C. Data reproduced from ref 163. The spectroscopic investigation of the above-discussed
redox states gives information about the electronic structures
o ) of all intermediates. To extract information about the
of the principal axis that corresponds to the lowgsilue  electronic structure in a quantitative manner, quantum
(2.05) is still parallel to the direction that connects nickel chemical calculations are required. Because of the large size
and the axial sulfur (see Figure 6). The wavefunction is of the [NiFe] center, these studies mainly concern density
therefore still best described by a8drbital and a small  fynctional theory (DFT) calculations, which allow the
admixture of 3¢b-2 orbital. It also suggests that the formal  gescription of larger systems thab initio methods. DFT

redox state of Ni-L is closer to Nithan to NI, which is calculations have as a limitation that one has to be careful
in-line with XAS measurements that show that Ni-L is only \ith the interpretation of the results in terms of the

slightly more reduced than Ni-C and that the observed edge nderlvina physics which is somewhat obscured in BET
shift is not compatible with a formal Niredox staté® ying phy :

297 i
Most notably, the hydride signals observed in HYSCORE intlnrrﬁa(rjliytwo:/t tr)y '}'a" et gl.,ndmo?r(lalsrfoc: vtvr:ti r?(aCt;i?rr: nt
spectra for Ni-C are absent in Ni-L (see Figure 8, bottom). ermediales were proposed and compare experiments

The only signal which remains is an unstructured signal at based on the V|brat|on_al frequencw_zs of the inorganic CN
the free deuterium Zeeman fequency (2 MHz). This suggests®1d €O ligands. In their work, the site of hydrogen splitting
that the hydride (or in the case of the experiment shown in was proposed to be iron and one terminal cysteine was
Figure 8,H") is dissociated from the [NiFe] center, most Proposed to be protonated in the Ni-Sir stéfe.

likely as a proton, and binds to a nearby base so that it can DFT calculations with emphasis on reproducing the EPR
reoccupy the bridging position upon annealing. In this g values and hyperfine coupling constants were first pre-
respect, a difference has been observed between [NiFe] andented by Stein et &° Theg values of 2.21, 2.17, and 1.98
[NiFeSe] hydrogenases. For the [NiFeSe] hydrogenase ofwere calculated for Ni-B within the zeroth-order regular
D. baculatuma different line narrowing upon {® exchange  approach (ZORA) using a model in which none of the
was detected in the EPR spectrum than that in the [NiFe] cysteine sulfur atoms were protonated and an~Qigland
hydrogenase, possibly pointing to subtle differences in the was present in the bridging position between Ni and Fe.
composition of the active site with respect to the location of Considering the accuracy of the DFT method for the
a hydride specie®¥?® computation ofy values?*° the agreement can be considered

J
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Table 3. Calculated Spin Density Distribution of Model Systems over the other atoms. The spin density at the iron was found
fqotr :hg [NiFe] Center That Represent the Ni-B, Ni-C, and Ni-L to be small (about 1%), indicating the presence of a low-
STAares

spin Fe(ll). Essentially the same spin density distribution was
found for the [NiFeSe] hydrogenase Bf baculatumin the

Ni-C state?3” A similar picture is obtained for the Ni-B state.
The spin density at the bridging OHvas found to be small
(Table 3). In the case of Ni-L2, larger shifts of the spin
density are observed: the spin density at Ni increases and
that at the axial sulfur (Cys-549 fad. vulgaris Miyazaki

F) decreases. The calculated spin densities may vary up to

Ni-B

Ni-B Ni-C Ni-L about 10% depending on the method of calculation (e.g.,
(X =0H") (X=H") (X = vacant) with respect to the choice of functional). Tkexis of the
Ni 0.52 0.51 0.76 3dz orbital is almost parallel to the bond direction from nickel
ge ol —%%212 %%%3 —0.(()326 toward the axial sulfur atom (Cys-549 fdd. wulgaris
3 g?exrlr?wi)nal) 006 010 000 Miyazaki F and Cys 533 fob. gigas. B .
X 0.01 —0.001 The DFT calculations also allow for a critical comparison

o _ with EPR data from single crystals. In principle, both methods
a Data taken from ref 228. X= third bridging ligand, see Figure 1.

Above the respective columns the spin density plots for the three statesmdependen.tly yield the directions of Fhe prmc!pal axeg of
are shown. FoFr)details see refs 283 z?nd 300. gaﬁ)culated hyperfine tensoANd _hyperfine tensors. For the Ni‘f;>4° Ni-C** and
values for all states can be found in ref 283 (Supplementary Material). Ni-L2%49° states, the experimentally found principal direc-
tions of theg tensor andH hyperfine tensors are reproduced
. , ) ) by the respective models of the calculations (Obfidge
very satisfying. For Ni-C a hydride bridge was proposed and ¢;, Ni-B, H- bridge for Ni-C, empty bridge for Ni-L2),

g values of 2.20, 2.14, and 2.01 were calculaféd>****For giving experimental confirmation that the models used in
the Ni-L state an empty bridge was proposed (calculgted  the calculation contain the correct features. For example, in
values are 2.26, 2.10, 289 and for Ni-CO (active), a CO  the case of the OHbridge for Ni-B, two conformations are
terminally bound to the empty coordination position of Ni yossiple, but only one conformation was compatible with
gave best agreement with the experimengtatalues?® At experimental dat#° For Ni-A, even though no exchangeable
that time au-oxo bridge was proposed for Ni-®&? though  protons have been obsen@@8ijt is possible to exchange a
recent experiments have shown that the bridge is mostproton by a reductionoxidation cycle. The observed dipolar
probably also protonated for Ni-A}**'thus suggesting a  coupling constant for the “exchangeable” proton is compat-
hydroxo or hydroperoxo bridge. ible with a proton that belongs to the bridging lig&tie:

In similar work on the enzyme db. fructosaorans the and analysis as to its exact position is underway. In the Ni-C
experimentaly values of Ni-A and Ni-B were investigated  state, the hyperfine tensor of the observed hydride bridge,
by DFT calculationg®® In this study, the effect of the including the direction of the principal axes, was satisfactorily
environment was investigated by including more amino acids reproduced by the calculatioPSThe 13C hyperfine coupling
in the model for the calculation. For both Ni-A and Ni-B at  of added isotopically labeledCO in the Ni-CO(active) state
that time, it was concluded that the bridging ligand is likely was best reproduced by a terminally bound CO lig&idh
an OH, and that the difference may be caused by a different agreement with earlier crystallographic d&ta collection
protonation state of, for example, the nickel-coordinating of hyperfine data of the various nuclei in the different states
sulfur atoms of the cysteines. The effect of the environment of [NiFe] hydrogenase can be found in ref 283.
on theg values can change tlig value by typically 0.0543 Concerning the EPR-silent states, for which obviously no
indicating that the overall structure is primarily determined EPR or ENDOR data are available, a DFT study has been
by the direct ligands to Ni and that it is further fine-tuned performed by Bruschi et &2 It was found that the low spin
by surrounding amino acids. (S= 0) and high spin$ = 1) states for both Ni-SI and

Amara et al. performed QM/MM calculatio#¥d and Ni-R are very close in energy to an extent that their order
included even more of the protein environment. They becomes method dependent, especially with respect to the
compared their calculations with data available from FTIR amount of Hartree Fock exchange included in the calcula-
spectroscopy and noted the special role of the terminal tion3° In their model, the Ni-R state maintains a hydride
cysteine near the Hchannel (Cys-530 forD. gigas. bridge, like in Ni-C, and their Ni-SlI state model concerned
Moreover, they conclude that the redox activity mainly a site with an empty bridge and a protonated terminal
occurs at nickel and the terminal S ligands and that iron is cysteine (Cys-65 fobD. gigas.

not involved3®? Their proposed mechanism includeg-axo In conclusion, one can say that DFT calculations are very
bridge for Ni-A, a hydride bridge for Ni-C, and two hydride helpful, if not essential, to understand the electronic structure.
species for Ni-R%? The structural models used in these calculations have to be

The spin density distribution for the Ni-A, Ni-B, and Ni-C  critically tested, though, by evaluating spectroscopic proper-
states confirm the 3dcharacter of the wavefunction of the ties like g values, hyperfine coupling constants, or FTIR
unpaired electro®’ An overview is given in Table 3. The frequencies besides the total energies, to gain confidence in
table also includes data for the Ni-L2 state. In total, for the the proposed models and to establish a connection with the
Ni-C state 51% spin density was found on Ni and 29% on experiment. By considering both the accuracies of experiment
the cysteine of the axial sulfur (Cys-549 f@r. vulgaris and calculation, one can try to find structural models or
Miyazaki F), which gives rise to hyperfine splitting in the partial features (e.g., an Otbridge for Ni-B) that describe
EPR spectrum o#3S enriched [NiFe] hydrogenas®.The the observed experimental data the best. On the basis of such
terminal cysteine near the gas channel (Cys-546) carriescomparisons, an attempt can be made to understand the
about 10% spin density and the remaining 5% is distributed catalytic cycle, which will be described below.
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Figure 10. Schematic overview of [NiFe] hydrogenase activation/
deactivation, catalytic cycle as well as the inhibition by CO and
the light sensitivity. The figure only includes structural features of
the intermediates directly determined from crystallographic and

Chemical Reviews, 2007, Vol. 107, No. 10 4349

(Figure 10). At ambient temperatures the water is removed
and a highly active state, Ni-Sla, is formed. The process of
reductive enzyme activation described here can also be
initiated by dihydrogen. The underlying mechanism has not
been elucidated yet in detail (for a proposal see ref 271).

The states involved in the catalytic cycle are believed to
be Ni-Sla, Ni-C and Ni-R, which are interconverted by one
electron/one proton equilibria. This information has been
inferred by George et ° and Kurkin et al° on the basis
of redox titrations and kinetic assays. The above states are
also active in H/D exchand®.The Ni is probably the site
of H, binding since the gas channel ends close to the Ni
open-coordination site, the binding of the inhibitor CO is at
Ni and the putative OOHligand in the inactive Ni-A state
is also blocking this site. In the actual catalytic process the
approaching Kl is attached to the Ni followed by base-

spectroscopic experiments and no transient species. For the variou@Ssisted heterolytic cleavage of the idolecule leading to

states the formal oxidation numbers for Ni and Fe are given and
the third bridging ligand between them (X in Figure 1) is specified.
For Ni-A, the identity of the bridging ligand [O] is still unknown.

The EPR-detectable states are given in red; the EPR-silent state

are given in blue. The species involved in the catalytic cycle are
placed in a yellow box. Note that the redox transitions in the
catalytic cycle can also be driven by molecular hydrogehiy).

a bridging hydride species. One of the candidates for acting
as a base is the terminal cysteine (Cys53Mingigas®)
that has a high-temperature factor in crystallographic studies

ndicating conformational flexibility and a possible role in

proton transfer. Alternatively, a water molecule bound to the
iron has been proposed to act as b&%eConcomitant

The exact mechanism and the transient species involved are notelectron transfer to the proximal Fe-S cluster then leads to

yet known; for a recent proposal cf. to ref 271. The redox states of
the three Fe S clusters are not shown, for details see text and refs

140, 160, and 227. For other nomenclatures used for the various

states in the literature see Figure 2 (caption).

5.10. The Catalytic Cycle

the Ni-C state, which has been shown to carry a hydride
bridge between Ni and Fé.°3-% This stable state is EPR
active and is a central intermediate in the catalytic cycle.
The observed two spectroscopic forms of Ni-C (split and
unsplitf> have been attributed to its interaction with the
proximal [4Fe-4S}72* cluster which can be either reduced

In the preceding sections the spectroscopic characterizatior?” ©Xidized. Further reduction of Ni-C by another, H

of the intermediate states in the reaction cycle of [NiFe]

molecule leads to the Ni-R state which still carries the

hydrogenases has been described. In Figure 10, the transition@ydride™*#>4!This state can occur in different subforms. It
between the different states are given. The intermediatesn@s been suggested that these forms correspond to different

shown here are based on the spectroscopic data and redo
titration, accompanied by proton transfer. Short-lived species

that might occur in the reaction sequence are not displayed

Rrotonation states of Ni-B;*%but they may also be related
to different spin states of the Nand/or different conforma-
tions of the active sité2® A proposal for the mechanistic

In the following these species and their interconversion are details of the reaction with Hin the actual catalytic cycle
discussed. In this process the enzyme shuttles between formd!@s recently been made in ref 271 which is based on earlier

Ni"" and Ni' states as indicated. Nihas a ¢, ground state
(S= Y,).°* Whether the EPR-silent Nistates are high-spin
(S=1) or low-spin & = 0) is still an open question. By
DFT calculations, the singlet and triplet states of thé Ni
were found to be close in enef§yand spin crossover was
proposed to be possible at room temperature. The irdh (Fe
is not redox active, and it is always low spi® & O,
diamagnetic).

In the unready oxidized Ni-A state the bridging ligand,
denoted as [O], is either assumed to be GH*43but could
also be an OOH,"+748%where only one oxygen bridges the
metals. Probably, the ligand is retained in Ni-SU but little
information is available about the composition of the active
site in this state. The inactive ready oxidized state Ni-B has
been conclusively shown to contain an Obtidge; the metal
redox states could also be clarifi&eP*® After one-electron
reduction the Ni-SI state is formed which is in acidase
equilibrium, Ni-Sir== Ni-Sla. It has been propos&d’‘that
in this process first the bridging ligand (OMis protonated
and forms HO. In A. vinosumhydrogenase an inactive state
could be trapped at low temperature°@),}4® which most
probably still carries the water ligand close to the active site
and hinders the reaction with,HT his state is also not binding

experimentg®

The Ni-L states (Ni-L1 and Ni-L2) are redox states of the
[NiFe] hydrogenase that are created upon illumination of
Ni-C at different temperatures. The ligand field of these states
is most compatible with that of a formal Niground state
and a wavefunction of a mixedzftle-2 character (EPR
active,S=1,). In Ni-L, the bridging hydride is (reversibly)
transferred as a proton to a nearby b¥sé’ It has been
suggestet-3%6that Ni-L-like states could occur as transients
in the catalytic cycle. Furthermore, CO-inhibited states exist
that are formed by reaction with CO from either the Ni-Sla
or Ni-C states (cf. Figure 10). They are EPR-silent and EPR-
active, respectively. The latter has been described as a
Ni'-CO species that upon illumination yields the Ni-L state.
A discussion of the redox states of the-F®clusters during
activation and the catalytic cycle is given in reference 140.

With all data available from the methods described in this
chapter, attempts have been made to establish a chemical
working model for the actual enzymatic reaction cycle of
the [NiFe] hydrogenase. The first group to propose a model
was Siegbahn et 81738 0thers who proposed mechanisms
are Hall et al2°” De Gioia et al3%*3%9Stein and LubitZ283
de Lacey et at® and Teixeira et 875 An overview of the

CO. Since the state has not been observed in other hydrosimilarities and differences of these mechanisms are given

genases so f&f;28 it is shown in brackets in the scheme

in recent review$°3%(see also de Lacey et al. in this issue).
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6. Magnetic Resonance Studies of [FeFe]
Hydrogenases

The H-cluster in [FeFe] hydrogenases can be present in
several redox states. Only two of these, that ig,athd Heg,
play a role in the catalytic cycle. Both of these can be
characterized with IR and Msbauer spectroscopy but only
Hox is paramagnetic. Therefore, the amount of information
on the H-cluster which can be extracted with EPR spectros-
copy is somewhat limited. Nevertheless, by studying the
hyperfine interactions of th&Fe nuclei of the cluster-core
as well as thé“N and3C nuclei in the ligands important
indications can be obtained on the unpaired spin distribution
and electronic structure of the H-cluster. It turns out that
the CO inhibited state of the enzyme,HCO, which is also
paramagnetic, yields additional information on the redistribu-
tion of spin density in the H-cluster upon binding a substrate
in the exchangeable site at £¢én the following sections
several important questions on the H-cluster.(tdnd
Hox-CO) will be addressed using advanced EPR spectros-
copic methods: (i) The spin density distribution over the
[4Fe—4S}H and [2Fe}, subclusters; (ii) the oxidation states
of the individual iron atoms in the [2Re]subcluster; (iii)
the effect of CO inhibition on the electronic structure; (iv)
identification of a nitrogen in the bridging dithiol ligand;
(v) the light sensitivity of the CO inhibited state,=HCO.

6.1. Overview of EPR Spectra in Various Redox
States of the Enzyme

In contrast to the enzymes &. pasteurianumand M.
elsdenij which are purified under strict anaerobic condi-
tions041%9the hydrogenases from. desulfuricansandD.
vulgaris Hildenborough can be isolated aerobic&fy!31°
But in this case the enzyme is inactivelfHand needs to
be activated under reducing conditions (e.g., by ¢t
artificial reductants). The reductive activation (using medi-
ated electrochemistry) of [FeFe]-hydrogenase fidnmul-
garis Hildenborough has been investigated by Patil et al
and Pierik et al. using CW EPR spectroscBpy*’and by
Pereira et al. using Misbauer spectroscofit.The key EPR
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Figure 11. EPR spectra of [FeFe] hydrogenase frbmuulgaris
Hildenborough (a-d) under different redox conditions. (Reprinted
with permission from reference 117. Copyright 1988 American
Society for Biochemistry and Molecular Biology, Inc.:) (a) as
isolated protein; (b) rhombic signal &t1l60 mV (Hang; (¢) rhombic
signal at—255 mV (H.y); (d) fully reduced enzyme under,KHq);
EPR spectra from oxidized (e) and CO inhibited (f) [FeFe]
hydrogenase | frontlostridium pasteurianunfC.p.l). Figure was

spectra obtained during this procedure are depicted in Figureadapted from ref 152. (Reprinted with permission from ref 152.

11. In the as-isolated state an almost “isotropic” EPR signal
atg = 2.02 is observed (trace a). This signal is often seen
in preparations of enzymes containing [4Fe-4S] centers. It
is thought to be due to traces of an oxidized F cluster which
has lost one Fe atom and is assigned to an{3r§" cluster.
The H-cluster itself is in an EPR-silent state. At a potential
in the range from 0 ta-200 mV (NHE) anS = 1/, rhombic
signal appears (trace b) characterized by a maxigwalue
Omax = 2.06 (for D. wulgaris Hildenborough theg tensor
principal values are 2.06, 1.96, and 1.89) with its maximum
intensity reached at aboutl60 mV. This signal is believed

to belong to the H-cluster. Itg values are similar to
characteristic values of a reduced [4H5] cluster. There-
fore, it was concluded that this signal is due to reduction of
the [4Fe-4S}, subcluster. Also the Nesbauer daté!

suggest that the first reduction equivalent initially is localized

on the cubane. This redox state of the H-cluster is considered”

to be a transition state and will therefore be denoted as
“Huane. Upon further lowering the redox potential, this
rhombic signal is replaced by another rhombic signal (trace
¢) with g tensor principal values of 2.10, 2.04, and 2.00.
This is a characteristic signal, observed in all [FeFe]
hydrogenases, and was assigned to the “oxidized” form of
the H-cluster (H). It differs fundamentally from EPR spectra

Copyright 2000 American Chemical Society.)

from ferredoxin type clusters [4F€1S]. The intensity of this
signal is maximized at a potential of abeuB00 mV. Below
—320 mV, the signal rapidly vanishes. Upon complete
reduction of the H-cluster an EPR-silent state is obtained
(Hreq). However, another quite complex EPR signal is
obtained (trace d) with its maximum intensity-aB50 mV.
This signal is assigned to the two reduced F-clusters (i.e.,
ferredoxin type [4Fe4S]" clusters) which are dipolar-
coupled. As reported by van Dijk et al., the reductive
activation can be reversed only under special conditions, that
is, the application of a two electron oxidant in the presence
of iron and EDTAS In Table 4 the paramagnetic species
observed in four different [FeFe] hydrogenases are sum-
marized together with theig values. In the following the
arious states will be charaterized in more detail.

6.2. The Oxidized (As Isolated) State

In air, as isolated, the H-cluster {Hor Hnae) of the
hydrogenase fromD. wulgaris Hildenborough (andD.
desulfurican} is “over-oxidized”. It is in an inactive state.
The cubane [4Fe4S} subcluster is oxidized and EPR silent.
Because of the strong ligands the irons in the binuclear
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Table 4.g-Values of Different Oxidation and Coordination
States of the H-Cluster Obtained for the Various [FeFe]
Hydrogenases from Different Organism$

hydrogenase |
C. pasteurianum

state g-component D.d./Dv.H. C.p.I C.p.ll M. elsdenii

Hirans o 2.06 (2.06

% 1.96 (1.96

0 1.89 (1.89
Hox o1 2.10 210 2.08 2.10 ) S

o 2.04 2.04 2.03 2.04 S

O3 2.00 2.00 2.00 2.00 Fey .
Hox-CO 01 2.00 201 2.03

0 2.00 201 2.02 b

Os 2.06 2.07 2.00 : : : | :
H|_2 O1 2.22 2.26 j

o 513 212 20 40 6.0 8.0 10.0

2.05 1.89
o _ o i hydrogenase 11
aD.d. = D. desulfuricang®312313D . H. = D. wulgaris Hildenbor- 1I

C. pasteurianum

oughi!” C.p.I = hydrogenase | fronC. pasteurianuni** C.p.Il =
hydrogenase Il fronC. pasteurianum’® M. elsdenii= Megasphera
elsdeniil®® b Note that the as-isolated reduced form@p.ll shows a
spectrum of an oxidized F-cluster identical to theatdspectrum of
D.d.

subcluster [2Fg] are in a low-spin coordination with
oxidation states either Fe(ll) or Fe(lll). Thelglebauer data
favor Fe(lll), but Fe(ll) cannot be excludéel. The redox
configuration of the B! state can therefore be indicated as
[Fe(IFe(Il)][4Fe-4SE," or [Fe(lll)Fe(lll)][4Fe-4SE'.

Fey.

According to the X-ray structuté&' and IR studie®¥” the b
bridging CO is present in this state and the open coordination : . . , :
site is occupied by D or OH". The F-clusters in the protein 20 4.0 6.0 8.0 100
are all oxidized, and EPR silent. Frequency, MHz
. Figure 12. (1) X-band CW ENDOR (low-frequency range) of the
6.3. The Intermediate States hydrogenase | fronClostridium pasteurianurenriched in®’Fe in

At a potential of about-200 mV an EPR-active state is the Hy state (a) and in the CO inhibited state (b). Figure taken

: from reference 314. (Reprinted with permission from ref 314.
formed (Hrand assumed to be singly reduced as compared Copyright 1986 American Society for Biochemistry and Molecular

to H3, but with the reduction equivalent located on the Biology, Inc.) (II): X-band CW ENDOR (low-frequency range) of

[4Fe—4S} subcluster. The redox configuration is therefore the hydrogenase Il fronClostridium pasteurianunenriched in

[Fe(II)Fe(II)]H[4Fe—4SI: or [Fe(lII)Fe(III)]H[4Fe-4Sf_§. No 57Fe in the Hy state (a) and in the CO inhibited state (b). Reprinted

crystal structure is known from this state but it is assumed With permission from ref 137. Copyright 1987 American Society
S oo . for Biochemistry and Molecular Biology, Inc.

that the open coordination site is still occupied by the oxygen

species (HO or OHY). The IR dat&’ indicate that the  Table 5.5Fe Hyperfine Couplings [MHz] Determined for the

bridging CO is still present. [FeFe] Hydrogenases | and Il from Clostridium pasteurianum

Upon further lowering the redox potentiat-B00 mV) (C.p.land C.p.lll) in the Hox and Ho-CO State. For the Latter
another rhombic EPR species is formed. It is assumed thatiﬁztiiglgg the**C Couplings from the Externally Bound CO

through (or in conjunction with) a conformational change

the reduction equivalent shifts from the cubane to the Hlox HocCO

binuclear cluster. In this process the coordinating ligand on Al (4Fe) A2 (2Fe) A2(4Fe) Al (2Fe) A(CO)
the distal iron is removed. Spectroelectrochemical studies c.p.p 9.5 17 325 5.8 21
suggest that this conformational change is accompanied by C.p.IP 7 18 30 10 34
an “irreversible” two electron reduction procésslt is not Cple 75-75 18 25.3-28.3 9.5

clear however which group near the H-cluster is participating  aFrom cw ENDOR (ref 314)° From CW ENDOR (ref 137).
in this process. The resulting fistate is observed in all  ¢From Mgssbauer spectroscopy (ref 139).

hydrogenases (see Table 4) and is regarded as the physi-

ological oxidizeq intermediate in the cataIXtic cycle. The Recent Q-band Davies ENDOR experiments onstFe-
redox state is given as [Fe(ll)Fe(ijtFe-4SE" or Fe(lll)- labeled H-cluster oD. desulfurican&23:3offer a slightly
Fe(l)]u[4Fe-4Sf,". different picture of the unpaired spin distribution over the
Early Méssbauer and ENDOR studies on #fee enriched  active site. Two distinct almost isotropiéFe hf couplings
hydrogenase | of. pasteurianunin the H, state indicated  around 12 MHz were found (see Figure 3313 A line-
"Fe hf couplings of around 9.5 and 17 MH%(see Figure  width comparison between the X-band EPR spectrum
12). A Migssbauer investigation &fFe-enriched hydrogenase obtained from®’Fe enriched and of the native,showed,
[113° also showed twd"Fe hf couplings in the b state of however, that six iron nuclei with couplings around 12 MHz
about 7.5 and 18 MHz. The weak hf couplings were assigned each must be taken into account to explain the line broaden-
to the iron nuclei of the [4Fe-48]subcluster, whereas the ing caused by the “unresolved”Fe hyperfine interaction.
large hf coupling was suggested to belong to the proximal Therefore, it must be concluded that all six iron atoms are
iron nucleus (Fg of the [2Fe}; subcluster (see Table 5). interacting with the unpaired electron. The two stronger
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Table 6.5"Fe Hyperfine Couplings [MHz] Determined for [FeFe]

2 3 4 5 6 9 10
T T T T T T T | r| . |. I. .| i T
H _CO — exp. FID-det. EPR ?
ox — sim.
— A,":e B
Cc
— A J\_ :
3 i L i i i i L
- Aie 1150 170 180 1210 1230
— AFe Magnetic Field, mT

14 16 18
Frequency, MHz

Figure 13. Top: The X-band (a) and Q-band-{l) pulse ENDOR
spectra of’Fe-enriched [FeFe] hydrogenase fr@mdesulfuricans

Hydrogenases
Mdssbauer
Pulse ENDOR spectroscopy
Hox-CO Hox-CO
Ax A A, A« A A,
[4Fe-4S}, Al 278 218 303
(firstpai) A2 267 238 302 S15 2945 27.94
[4Fe-4S}, A3 —35.4 —350 —30.4 _ B B
(second pair) A4 —345 —38.4 —30.7 32.19 —38.35 —30.95
[2Felk F A5 5.3 4.5 2.2 —6.85
&
[2Fe}Fe; A6 21 21 -17 0
HOX HOX
Ax Ay Az Aiso
[4Fe-4S}
(first pair) Al,2 8.5
[4Fe-4S}, 11.2 104 116
(second pair) A34 —85
[2Fel Fg, A5 0
DFel Fa As 123 114 129 164

aPulse ENDOR data fob. desulfuricansrom refs 312 and 313;
errors 0.1-0.3 MHz. ® Méssbauer data fdp. vulgaris Hildenborough
from ref 151; errors~1 MHz.

couplings (A and As in Table 6) were assigned to the [2ke]
subcluster while the four weaker couplings (& A4 in Table

6) were attributed to the cubane cluster [4B&). Table 6
also lists the fitted®’Fe hfc values forD. desulfuricans
(obtained from pulse ENDOR) together with those found
for D. wulgaris Hildenborough using Mssbauer spectros-
copy?!®! The obtained hfc values fdp. desulfuricansare
different from those found fo€. pasteurianumWhile in

D. desulfuricansboth irons of the [2Fe] cluster seem to
participate in the obtained hyperfine pattern the coupling
detected irC. pasteurianumvas assigned to one of the irons
of the binuclear subcluster (presumablyy)-ét should be
realized that the interpretation of the"Skbauer spectra of
[FeFe] hydrogenases is complicated because the two F-
clusters in the protein (i.e., eight iron nuclei) are giving rise
to fully overlapping spectra with that of the H-cluster. This
complication is not present for the EPR spectra. In addition,
also the quadrupole parameters of tfee excited statel &

= 3/,) have to be fitted. Therefore the interpretation of the
obtained coupling parameters from Bbauer spectroscopy
is difficult. The interpretation of thé’Fe ( = /) ENDOR
spectra, however, is more straightforward since dniy?/,
doublet patterns have to be fitted. Therefore, ffiee
ENDOR analyses allow a higher accuracy in the obtained
parameters. We assume that also in the case. piasteur-
ianumhydrogenases both irons in the [2ksubcluster are
carrying spin density in k.

Early ESEEM and ENDOR measurements focuseéffdn
hyperfine and quadrupole interactiéf?s° and revealed
signals which can be assigned to the nitrogens in the CN
ligands!®! Recent HYSCORE measurements on thg H
staté!? confirm that the nitrogens in both CNigands have
similar hyperfine and quadrupole couplings. These findings

in the Hy, State. The black curves represent experimental data. The SUpport the conclusion that substantial spin density is present
magenta curves are the simulations of the ENDOR spectra usingon both irons in the [2Fg]subcluster. In the same work a
the two parameter sets presented in Table 6. Figures adapted fronthird nitrogen coupling has been detected which may belong

ref 312. Bottom: Q-band pulse ENDOR spectra offtke-enriched
[FeFe]-hydrogenase frol. desulfuricansn the H,.-CO state. The
black lines represent the experimental data. The magenta lines re
present simulations of the ENDOR spectra. The colored solid lines

to the bridging DTN ligand (cf. Figure 1b, Scheme 1).

6.4. The H,-Reduced State

below each experimental spectrum, are the components of the After reduction of the hydrogenase from. wulgaris

simulation corresponding to four individutFe hyperfine couplings
originating from the [4Fe 4S}-subcluster (see Table 6).

Hildenborough the EPR signal of the H-cluster disappears,
indicating a one-electron reduction step. The Selmauer
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datal! however, show that the cubane subcluster is still
oxidized. The H.g state must therefore have a redox
configuration [Fe(I)Fe(I)J[4Fe—4S]ﬁ+ or [Fe(I)Fe(IN]s-
[4Fe—4S]ﬁ+. IR studies indicate that the signature of the
bridging CO is lost? This also holds for th®. desulfuricans
enzyme'?t127 The crystal structure of the latter enzyme,
reduced under 6 bariisuggests that the fratom has three
diatomic ligands, two of which were ascribed to end-on
bound CO groups. The bond between the formerly bridging
CO and Fgseemes to be abséftin the completely reduced
state both F-clusters are reduced and give rise to the
characteristic dipolar coupled EPR spectrum (see Figure 11).

When the H4state ofD. desulfuricanss incubated under
argon for 10 to 30 min the enzyme apparently becomes active
in proton reduction and transforms to thglstate®? In most
preparations, however, the dipolar coupled EPR spectrum
of the reduced F-clusters does not completely disappeér
indicating an incomplete (nonstoichiometric) conversion.

6.5. The CO-Inhibited State

The active enzyme is very sensitive to inhibition by CO.
In this state the open site atfie coordinated by the extrinsic
CO ligand. This species is characterized by an axial EPR
spectrunt® (go= 2.006,g, = 2.065) (see Figure 11f). The
inhibited state can be obtained by incubation of the enzyme
in the Hy state under CO (0.4 atm) for 5 min. Also from
the Heq State the enzyme can be inhibited, but for hydroge-
nase | ofC. pasteurianunmafter 5 min of CO treatment only
50% of the hydrogenase is contributing to the axial EPR
signal. The rest of the spectrum indicates only a partial
oxidation of the F-clusters, while the other 50% of the
H-clusters are still EPR sileAt? This confirms that the CO
inhibition is competitive with proton reduction ¢Horma-
tion), because this process will leave the H-cluster in the
oxidized state with its open coordination site which is then
subsequently blocked by the extrinsic CO.

In a CW ENDOR study by Telser et & the H,-CO
state of hydrogenase | @. pasteurianunwas investigated
using>“Fe-enriched protein as well 43-labeled CO gas.
The inhibition by CO turned out to have a profound effect
on the®Fe hf couplings observed forkl(see above). The
lowest value Ay = 9.5 MHZz) dropped t6A;,“° = 5.8 MHz
while the largest oneA; = 17 MHz) increased td\,*° =
31—34 MHz (see Figure 12 top). TH&C hfc of the extrinsic
CO was found to be 21 MHz. ThEFe and'3C hfc values
are in the same range as found for a series gid&@), com-
plexes35318Similar results Ay = 7 MHz, A,°© = 10 MHz,

A, = 18 MHz, A,*° = 30 MHz) were obtained for th&Fe

hfc of hydrogenase Il fron€C. pasteurianuf¥’ (see Figure

12 bottom). Thé3C coupling of the ,-CO state, however,
was found to be around 34 MHz, which is 50% larger than
that recorded for hydrogenase | frdn pasteurianumThe
comparison of the hfc values of the two hydrogenases from
C. pasteurianumis summarized in Table 5. Msbauer
studie$’®largely confirmed the observéé~e couplings. The
Maossbauer study by Popescu andidk'®® also listed®’Fe

hf couplings of the CO inhibited state for hydrogenase Il
from C. pasteurianum hfc constants were found in the range
of 25—-28 and 9.5 MHz. In this case, the large couplings
were assigned to the cubane subcluster {48}, (according

to the intensities of the lines and the isomeric shift) and the
small coupling to the Rgucleus of the binuclear subcluster.
This behavior points to large changes in the electronic struc-
ture of the H-cluster upon binding of the external CO ligand.
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Figure 14. Q-band HYSCORE spectra of [FeFe]-hydrogenase from
D. desulfuricansat T = 20 K in the H,-CO state at different
magnetic fields: (a) 1206 mTgf) and (c) 1174.0 mT (close )

and simulated spectra (b,d) using paramef&randA6 from Table

6. Figure taken from reference 312.

The distal iron atom in the binuclear subcluster [2P&hs
suggested to be diamagnetic and carrying no spin density.
Later, Pereira et dP* used M@sbauer spectroscopy for the
investigation of the [FeFe] hydrogenase frdn vulgaris
(Hildenborough). For this H-cluster hfc values were found to
be similar to the ones of hydrogenase Il fr@n pasteur-
ianumdetermined by Popescu and k. The observed hfc
values of*"Fe and'®CO are summarized in Table 5.

The most recent EPR investigations on #iee labeled
H-cluster ofD. desulfuricansusing Q-band pulse ENDOR
and ESEEM techniqués-313 offer a more differentiated
picture of the unpaired spin distribution over the active site.
The increased magnetic field (1.2 T at Q-band vs 0.35 T at
X-band) leads to a larger nuclear Zeeman interacti¢tie)
= 4 MHz) and thus to a significant improvement of the
spectral resolution of th&Fe hyperfine interactions.

The Q-band Davies ENDOR study on thg, O state
revealed uniqué’Fe hf couplings of all four iron atoms in
the [4Fe-4SP* subcluster (Figure 13). Furthermore, triple
resonance experiments confirmed the opposite signs of the
hf couplings originating from the two Fe(ll)Fe(lll) pairs in
the cubane. The hf couplings from the two irons in the [2Fe]
subcluster were not detected in Q-band ENDOR. However,
Q-band HYSCORE spectra (see Figure 14) revealed clear
spectral features that could be assigned to two relatively small
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experiment 2.065 2.007 2.001
simulation
2.10 2.04 200

2.226 2.135 2.051
I I 1

300 320 340

Magnetic Field, mT
Figure 15. Paramagnetic species obtained from thg-€O state
from D. desulfuricansATCC-7757 upon photodissociation using
laser illumination (531 nm, 8.5 mJ/pulse) for 2Th= 40 K. Figure
taken from reference 312.

360

5"Fe hf couplings from the binuclear subcluster [2F&Yhile

for theC. pasteurianunfydrogenases it seems that only one
iron nucleus (presumably Fjecontributes to the observed
hf interactions, foD. desulfuricanshydrogenase both iron
nuclei in the [2Fe] subcluster clearly show a hf interaction.
Again it should be realized that the g&bauer analysi®-15

of the H,x-CO state might not have resolved all couplings,
that is, the smallest hyperfine interaction in thg- 80O state,

so that also irC. pasteurianunmydrogenase both iron nuclei
in the [2Fe}]; subcluster may carry spin density. It also should
be pointed out that a substantl&C hyperfine interaction is
oberved from the inhibiting3CO ligand in the H,-3CO
state3'* This also points to a nonzero spin density at the distal
iron atom.

6.6. Light Sensitivity of the CO-Inhibited State

From IR investigations it is known that upon light

Lubitz et al.

under argon. One H-cluster may loose its CO ligands under
irradiation and be irreversibly inactivated. Other H-clusters
will pick up the dissociated CO ligands and become inhibited.
This explains the occurrence of the CO EPR signal in
preparations of hydrogenases which never were exposed to
CO. The enzyme is, however, light stable when in tHg H
or Hox-CO state, although the latter state is affected by light
as well (as was already discussed above). A detailed FTIR
study on H,-CO in which the extrinsic CO ligand was
labeled with®*C showed that all three CO ligands associated
with Fey can be exchanged under illumination at room
temperaturé?’ Inhibition by G; is believed to be irreversible.
Thin film electrochemical studies by Vincent et?t.show
that the activity of the enzyme is strongly reduced after
exposure to oxygen. Binding of oxygen to the free coordina-
tion site (in the Hyx and Heq State) may oxidize the binuclear
iron cluster to Fe(lll) causing the loss of the CO and CN
ligands, thereby destroying the H-cluster.

6.7. Electronic Structure of the H-Cluster

6.7.1. Origin of the >’Fe Hyperfine Couplings in the
H-Cluster

As explained in Appendix Ill, the [4Fe4S}, subcluster
is formally diamagnetic because of the strong antiferromag-
netic coupling between the two valence delocaliged %,
Fe(ll)Fe(Ill) pairs. Therefore ne'Fe hyperfine couplings are
expected from this subcluster. Because of the additional spin-
exchange interaction between the corner Fe(ll/lll) atom of
the cubane and the proximal Fe atom,,Fd the binuclear
subcluster, the symmetry within the cubane cluster is broken.
Therefore, higher spin states are mixed into the singlet ground
state of the [4Fe4S} subcluster and effectivEFe hyperfine
interactions are induced. This mixing effect strongly depends
on the relative magnitudes of the inter-subcluster spin-
exchange interaction and the spin-exchange interaction within
the cubane (see Appendix IIl). The theory also predicts that
the 5"Fe hyperfine interactions from the two Fe(Il)Fe(lll)
pairs are opposite. This has been confirmed by thestdauer
studies on the H-clusters of hydrogenase Il fr@npas-

excitation at temperatures between 20 and 70 K the externakeurianum?3® the hydrogenase from. vulgaris Hildenbor-

CO ligand can be reversibly removed. After illumination with
white light for 1 h, a substantial amount of the H-cluster is
converted into a state | of which the EPR spectrum is
identical to that of the kj state (see Figure 15). The

ough®®! and the pulsed ENDOR study on the hydrogenase
from D. desulfuricang?313The difference in the contribution

of the [4Fe-4S} subcluster to the observed hfc pattern
between the b and Hx-CO state is caused by the difference

Hox-CO state can be recovered by annealing the sample (injn the inter-subcluster exchange interactipiof these states.

the dark) above 150 K, thereby restoring the axial EPR
spectrum®118.135Dyring illumination an additional state of
the H-cluster can be obtained. This state,fHs character-
ized by a broad rhombic EPR spectrum withtensor
principal values of 2.221, 2.132, and 2.048 frdesulfu-
ricans'®® and 2.26, 2.12, and 1.89 for hydrogenase | from
C. pasteurianum®®® The species generated frong#CO from

D. desulfuricansare depicted in Figure 15. FTIR studies on
both hydrogenase | fror€. pasteurianunand D. desulfu-
ricanshydrogenase show that for the gistate the signature
of the bridging CO is lost. This indicates a complete disso-
ciation of this CO ligand or a conversion to terminal coordi-
nation!?”:134Since no IR vibration indicative of an additional

The H,x-CO state is characterized by a strgnigteraction
(see Figure 16) leading to an enhanced hf contribution from
the cubane and a reduced contribution from the binuclear
cluster. In the kK state, this exchange interaction is much
reduced so that the contribution from the binuclear cluster
becomes much stronger while the mixing effect in the cubane
cluster is reduced. In both states the proximal Fe)(Feist

be carrying “intrinsic” spin density to account for the
interaction. This has consequences for the electronic structure
of the intermediates and the catalytic function of the enzyme
(vide infra). The spin delocalization within the [2Fke]
subcluster is assumed to result from orbital overlap through
the bridging ligands and a direct metathetal bond’

terminal CO has been found, the CO association must be , :
considerably weaker than a “regular’ CO bound to the metal 6:7-2. Redox States of the Iron Atoms in the Binuclear

or it is completely absent. Albracht et ‘@b have recently
shown that the H-cluster dD. desulfuricands very light
sensitive in general at room temperature in thg &hd Heq

Cluster

Concerning the possible redox states of the binuclear iron
cluster in the various catalytic states there is still some debate.

states. Under ambient light conditions the enzyme can bePopescu and Whck'3® have concluded (based on the
severely damaged during reductive activation and incubationisomeric shift) that the [4Fe4S}, subcluster remains in the



Magnetic Resonance of [NiFe] and [FeFe] Hydrogenases Chemical Reviews, 2007, Vol. 107, No. 10 4355

if Fe, remains Fe(l) in these two states. Thg blate is then
characterized by a [Rél)Fey(l)] configuration, while Heq

is in the fully reduced [Fgl)Fey(1)] state. The recent ENDOR
and ESEEM experiments, in combination with the IR data
seem to support the earlier conclusions based on DFT
calculations and model system studies in thatq Hs
characterized by the most reduced Fe species. The pulse EPR
spectroscopic dafd?313the IR spectroscopic dat&,and the
most recent DFT calculations on the whole H-cluster by
Fiedler and Brunold!” however, do not give a consistent
picture on the possible spin and valence delocalization within
the [2Fe}, cluster in the Hx and Hx-CO states. The most
recent IR data seem to indicate that the Fe(l) valence remains
localized on Fg while both pulse EPR and DFT data suggest
that in one of the states a strong delocalization occurs.
According to the observedFe and“N hyperfine interactions
the H,, state would be characterized by a strong delocaliza-
tion over both iron atoms and the HCO state by a
localization of the spin on [@). On the other hand the DFT
calculations suggest that in the+CO state a delocalization
occurs over both iron atoms while in thet$tate the spin

is localized on Fgl). The DFT calculations and pulse EPR
experiments agree, however, on the point that binding of the
external CO significantly shifts the spin density toward the
[4Fe—4SH cluster.

j / qube

Figure 16. (a) Scheme of exchange interactions within the ) ) )
H-cluster of [FeFe] hydrogenase (adapted from ref 317). Two 6.8. Possible Mechanisms for the Catalytic Cycle

valence-delocalized Fe(ll)Fe(lll) pairs in the cubane subcluster, . .
having a total Spin 0fs,a; = % each, are antiferromagnetically The fact that only one of the redox states in the catalytic

coupled by the HDVV exchange interactidae This resultsina  ¢ycle (H) is EPR active makes it difficult to use the
diamagnetic ground sta®= 0. Coupling of the fifth spinS; = information on the magnetic interactions within the H-cluster
Y, of the binuclear cluster to the closest iron of the “cubane” to derive a clear-cut picture of the reaction mechanism. From
admixes the.first excited sta33.= 1 of phe cubane into the ground the observed’Fe hyperfine interactions it is, however,
ififgh ‘e"‘”‘(jb?'gzs e”r?getr?cgfzjefcttfl‘_ﬂ\gesﬁ;g'g%r:flttf)]/eogtsgr? rons t?{ethe apparent that the iron atoms in the binuclear subcluster j2Fe]
exchange intere?ctiorjsandqubeaccording t0eq7 (Appgendix ) and the cubane subcluster [4F4S}, are in strong electronic
assuming an isotropic hyperfine couplingeof —22 MHz (adapted ~ cOntact, thus facilitating electron transport to and from the
from ref 139). F-clusters in the protein. As was already discussed in the
previous sections theFe hyperfine pattern for theistate
[2+] state in the Hy, Ho,-CO, and Heg Species. In the same  suggests an almost equal spin distribution over the two iron
work the authors proposed an [&Feq(l1l)] oxidation state ~ atoms of the binuclear subclusté.*'#33Upon binding of
of the binuclear cluster in thegdand H,-CO states in which  the external CO (5-CO state) the observed spin density is
the magnetic spin is located on the distal irong{Peowever, shifted toward the proximal iron and the cubane subcluster,
the possibility of a Fgll)Feq(l) configuration was not  but again the IR data show that the formal oxidation state
completely excluded. On the other hand, DFT calculations of the Fg is not changed, that is, it remains Fe(l). On the
on model systeni&319re in favor of the latter possibility. ~ other hand recent DFT calculatidhSon the Hy state favor
This would mean that the [2FRg]subcluster in the fully a valence localized Fe(l)Fe(ll) pair in which the unpaired
oxidized, inactive state (&) is described as Bél)Fey(ll), electron is located on the distal Fe while thgJ80 state is
in the oxidized active state ¢ as Feg(ll)Feqy(l), and in the characterized by a valence delocalized-Fe pair. The
reduced, active state (&) as Fg(l)Fey(l) species. Inorganic authors state that although the effect of the cubane subcluster
model systems of the binuclear subcluster have beenWas fully included in the geometry optimized structure the
prepare@®which show that in the completely reduced state Calculated®’Fe hyperfine values deviate substantially from
the Fe(l)Fe(l) arrangement is very stable. These findings havethe experimental ones. The calculated couplings were also
also been confirmed by later quantum chemical calcula- Strongly dependent on the protonation state of the linking
tions32! De Lacey et al? argue in their early IR study on  Cysteine sulfur bond. Apparently, the electronic structure of
the Hx and H,-CO state that, based on the relative frequency the H-cluster is very sensitive to slight changes in the
of the CO ligand stretch vibrations, the distal iron has a lower 9€0metry so that accurate predictions of hyperfine couplings
oxidation state than the proximal one. More recent IR @nd spin distributions may have to wait for even more
studie$?’ including all states for the H-cluster indicate, advanced quantum chemical calculations. Nevertheless, vari-
however, that the CO-stretch vibration of the ligand bound 0uS DFT calculations of the H-cluster and its possible
to the proximal iron is not changing its frequency between transition states (e.g., involving the binding of molecular
the oxidized and the reduced state of the H-cluster showing hydrogen) offer very useful insights in the possible scenarios
that the oxidation state of Feemains the same. Therefore ~Of the catalytic cycle.
it must be concluded that Fis already in its lowest oxidation The overall consensus oxidation/reduction reaction scheme
state. At the same time the ENDOR and ESEEM re¥afts is depicted in Figure 17 where it is assumed that electron
indicate that the proximal iron is formally paramagnetic in and proton transport will take place in (almost) simultaneous
the Hy and H,-CO state. This condition can only be fulfiled steps. Several studies involve the stability of the hydride



4356 Chemical Reviews, 2007, Vol. 107, No. 10

H air

ox

[4Fe4s]

Lubitz et al.

could involve (i) the creation of protein mutants (e.g.,
restricting the proton transport) which will stabilize additional
intermediates, (i) time-resolved FTIR measurements on

inactive ne s _‘_fs___h X proteins immobilized on an electrode, (iii) study of artificial
os % Fore H-clusters and model complexes. In addition, more sophis-
e 5w ® ticated DFT calculations may shed light on the effect of the

leans

+H*
+2e°? l_Hzo

H,,-CO

~
_H2

—— o IEgl
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cubane subcluster in electron transport and the possible CO
ligand rearrangement during the catalytic cycle.

7. Concluding Remarks

Paramagnetic metal sites occur in the [NiFe] and [FeFe]
hydrogenases. Therefore, EPR is playing a central role in
the identification and structural characterization of these

enzymes. This technique has been used to identify nickel as
a constituent of the active site of [NiFe] hydrogenase, to iden-
tify some of the iron-sulfur clusters and their interaction with
the active center, to determine midpoint potentials for the

=
J redox transitions of this enzyme, to identify the valence and

Figure 17. General scheme of redox states of the H-cluster and SPIN states of the metal ions, and to clarify their coordination
the proposed catalytic cycle for [FeFe] hydrogenase. For the variousg€ometry in the various steps of the reaction cycle. The
states the oxidation numbers of the 2 Fe ions in the binuclear method can only be employed to study “EPR-active” states.
subcluster are given together with the oxidation level of the cubane The combined use of spectroscopic and theoretical methods
cluster. The ligand X occupying the sixth coordination site at Fe proved to be particularly fruitful in hydrogenase research to
Erglg';’.fé‘nf[osrt:&??‘gebsl- gh:n%agﬁsc'g\rﬁsstgt:ss'ﬁrglgcl:vkenTlhnersdééh:Obtain reliable structures of reaction intermediates. Such
-Si i ue, i i . i . . .

involved in the catalytic cycle are placed in a yellow box. ForfurFt)her Sexpgrlmental dat.a are .mal_nly derived from EPR.an_d FTIR
details see text. studies. For the identification of the substrate)(binding

site, X-ray crystallography of single crystals does not suffice,
since the protons are not resolved in the electron density.
Fortunately, hydrogen has a large magnetic moment and a
I C | / nuclear spin of/,, so that detection by magnetic resonance
irons*22-325 It turns out that both configurations are feasible methods is possible. In paramagnetic systems like the [NiFe]
but the bridging configuration is thermodynamically more and [FeFe] hydrogenase, interaction of the metal center with
stable. This would suggest that the hydrogen splitting and hydrogen [ = /) or deuterium = 1) leads to electron
proton reduction will occur in the bridging position. At the  nyclear hyperfine splitting in the spectra. This is only rarely
same time, however, it has been demonstrated by Hall etdetectable directly by CW EPR but can be resolved by pulse
al.3% that the amine group in the proposed DTN bridging techniques, for example, HYSCORE, or double resonance
ligand would provide an excellent proton acceptor in the methods like ENDOR. For [NiFe] hydrogenases, this allowed
catalytic cycle. In addition the crystal structure provides a identification of the binding site of the substrate hydrogen
proton pathway through the protein leading to the DTN and its respective products (e.g., the bridging hydride in Ni-
bridging ligand'?! If the hydride would bind in the bridging  C) in the active site. The generation of Ni-L from Ni-C by
position the dithiolate sulfur ligands could act as proton |ow-temperature illumination is accompanied by photodis-
acceptors but it would also require the bridging CO ligand sociation of the hydride, which is important for understanding
to flip over to the terminal position on the distal iron. hydrogenase function. The detection of a hydroxide ligand
Thermodynamically this rearrangement would be feasible butin the bridging position in the oxidized active state using
it is not clear if the active site provides sufficient flexibility 2’0 and'H ENDOR and HYSCORE helped to understand
to allow such a ligand exchange process at high rates (i.e.,the activation and deactivation mechanism of the enzyme.
compatible with the high turnover rates of the enzyme). The Ni-A state is currently a focal point of interest to study
Furthermore, it is not clear if the proton reduction,(H oxygen sensitivity and inhibition of the enzyme that is related
production) and K oxidation (uptake) reaction will follow  to either changing the geometric or electronic structure of
the same mechanism. Recent kinetic studies on thepthke the active site or the gas channel.
reaction suggest that two molecules lbind to the enzyme For the [FeFe] hydrogenases EPR was also instrumental
while only one of these is spfi’ Strictly speaking, the  to identify the various paramagnetic species in the reaction
structure of kg with the bridging CO shifted to the terminal  cycle. The spin distribution in the H-cluster was determined
position at Fg could accommodate two additional Fe ligands from analysis of the®Fe hyperfine couplings in the
(e.g., H) to complete a sixfold coordination of each iron respectively labeled enzyme. Inhibition and light sensitivity
center. One of the fHmolecules could thus bind at Féow has also been studied in detail and information has been
affinity site) to activate the binuclear cluster, while the second obtained on the additional irersulfur clusters. The question
H. might subsequently bind to Féhigh affinity) where it of the presence of nitrogen in the unusual bridging dithiolate
is heterolytically split. The activation step may involve the ligand has been approached by ESEEM techniques, and
oxidation of Fg(l) to Fey(ll) followed by H, binding and 5"Fe ENDOR was instrumental in combination with other
subsequent oxidation of K& to Fey(ll). In the final step methods like FTIR and Mesbauer spectroscopy to determine
the second klcould bind and the proton be accepted by the the formal oxidation states of the iron ions in the H-cluster.
DTN ligand amine, whereas the hydride reduces the Fe With respect to the actual hydrogen conversion mechanism
(IN)Feq(Il) unit to Fey(l))Fey(l) while releasing the proton. less information is available for [FeFe] than for [NiFe]
Experimental strategies to elucidate the catalytic mechanismhydrogenase at present. In one possible scenario the hetero-

u e-n+  active

>
Hd

o

intermediate in which a hydride is attached to the
Fe(Il)Fe(ll) subcluster either bound terminally to the distal
iron2%0:31831% or in a bridging position between the two
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lytic H, splitting takes place at the distal iron with the nitro- has used the more abundant first row transition metals Ni
gen in the dithiolate bridge acting as base for the proton. In and Fe instead; here the ligand sphere has obviously been
another scenario the two metals serve as the primary bindingtailored accordingly to adjust the electronic structure of the
site, a hydride bridge is formed, and, for example, a thiolate metals for optimum performance of these enzymes. The CO/
sulfur acts as base, which is similar to the mechanism for CN~ ligands are known to stabilize Fe in a low (more
the [NiFe] hydrogenase. The problem here is that the active electron-rich) oxidation state, furthermore the strong ligand
reduced intermediates are EPR-silent so that different field will result in a low spin state= 0). The thiolates are
methods must be employed for a structural characterization.non-innocent ligands leading to a significant electron spin
To better understand hydrogenase structure and function(and charge) delocalization. This has been detected for the
it is useful to compare the two types of enzymes, in particular different states, for example, for [NiFe] hydrogenase, where
their active sites. [NiFe] and [FeFe] hydrogenases are notonly ~50% of the spin is at the Ni. In this way the system
related evolutionary; they have a different protein structure avoids larger shifts of spin and charge density in the catalytic
and require different genes for their biosynthesis. However, cycle, which reduces the reorganization energy. The redox
they share some astonishing similarities and fulfill a very active metal (Ni or Fe) changes oxidation stitemally by
similar task. The bimetallic centers carry CNind CO only & 1 in the whole catalytic cycle; effectively this change
ligands at the iron and have a b& butterfly shaped core.  in charge will even be much smaller.
This common motif is found for all classes of hydrogenases  Another important question concerns the significance of
and might indicate a functional role in dihydrogen activation. the protein surrounding. It keeps the active site and the other
The metat-metal distances lie in the range 289 A cofactors in the right place for the enzymatic reaction, it
(indicating a metatmetal bond), bridges are provided by provides direct ligands for the active center, channels for
two cysteine thiolates (NiFe) and a bidentate di(thiolato- educts and products gHH"), it hosts the protein’s electron
methyl)amine or a 1,3-propanedithiolate ligand (FeFe). A transport chain and even participates in it, and provides
third bridging ligand is present between the metals that is attachment sites for the secondary electron acceptors/donors.
released and replaced by a hydride in the catalytic cycle of Very little is known to date about the molecular details of
[NiFe] hydrogenase. In case of [FeFe] hydrogenase thethese processes, which is partially due to the nondeveloped
involvement of this bridging position (e.g., in hydride molecular genetics for many systems. In addition, the protein
binding) is still unclear. Both enzymes have metals with might actively be involved in the various steps of the whole
square pyramidal geometries and an open site to coordinatemechanism by providing just the right electrostatic local
dihydrogen. Both enzymes catalyze the H/D exchange environment and the appropriate dynamical modes for the
reaction between Hgas and BO showing that the K specific task of hydrogen splitting or production to occur
splitting is heterolytic. This is not found for hydrogen with high rates. Another important aspect that requires further
conversion using heavy metal catalysts like Pt or Pd in studies is hydrogenase maturation, including the generation
chemical processes, where the splitting is homolytic. Obvi- of the unusual active sites.
ously, in the case of hydrogenase the metal renders the |n view of the high complexity of the biological systems
dihydrogen ligand sufficiently acidic (atkp = 7) to be the question arises if it will be possible in the foreseeable
deprotonated, probably by a nearby nitrogen or sulfur base,future to obtain good hydrogenase activity in biomimetic or
leaving a hydride at the metal center. bioinspired synthetic systems. This is certainly not an easy
The catalytic activity is inhibited in both enzymes by CO  task since it requires more than just the clever construction
and Q. In the case of [FeFe] hydrogenase the inhibition by of a catalytic metal center, namely the inclusion of a smart
dioxygen is (often) rapid and irreversible and leads to matrix mimicking the protein surrounding. The creation of
destruction of the enzyme, whereas for [NiFe] hydrogenase such functional catalytic machines presents one of the main

oxygen inhibition is (partially) reversible, even oxygen challenges for the synthetic bioinorganic/bioorganic chemist
tolerant species lik&Ralstonia eutrophahave been found.  in future years.

These differences in oxygen sensitivity are not yet fully
understood. They may be related to the type, coordination 8. List of Abbreviations
sphere, and geometry of the active site metal; the size and
type of the hydrogen access channel has also been discuss
to play a role in the inhibition process. DET

In the catalytic process at least two redox states occur, enpor

W continuous wave

EER double electronelectron resonance
density functional theory

electron nuclear double resonance

an oxidized one (NIFe' and FéF€) and a reduced one  gpr electron paramagnetic resonance
(Ni"F€' and FéF€). The former mixed valence states gsg electron spin echo

(present in Ni-C and K, respectively) are paramagnetic with ESEEM electron spin echo envelope modulation
anS= Y/, ground state and a metal in a low-spihetiectron EXAFS extended X-ray absorption fine structure
configuration (Ni' and Fé); they give similar rhombic EPR  FID free induction decay

spectra. Considering the further ligand sphere, it is remark- FTIR fourier transform infrared

able that the 5-coordinated active centers also have the saméf hyperfine _

total charge. However, there are also striking differences hfc hyperfine coupling

between the two classes of enzymes. First of all, in [NiFe] HYSCORE  hyperfine sublevel correlation (spectroscopy)
hydrogenase one iron is replaced by nickel with some '\N"SI'; merlnbrane boutr_wd hydrogenase
differences in the direct coordination sphere (number of nuclear magnetic resonance

. A SN . PELDOR pulsed electrorelectron double resonance
thiolates ligands). In [FeFe] hydrogenase a bridging CO is regulatory hydrogenase

present between the two metals that is not found for [NiFe] gy soluble hydrogenase

hydrogenase, and a bridging hydride has not been definitely Tr|pLg electror-nuclear-nuclear triple resonance

detected in the [FeFe] enzyme. _ XANES X-ray absorption near edge spectroscopy
In industrial processes heavy metals are widely used asxAs X-ray absorption spectroscopy

catalysts for hydrogen conversion. In hydrogenases, natureZORA zeroth-order regular approximation
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10. Appendix I. Advanced EPR Methods Used in
Hydrogenase Research

In this section a short overview is given of the general
pulsed EPR methods used in most of the studies cited in
this review. The appendix is intended to describe the
strengths of each method and give the reader a feeling for
how these techniques can be efficiently employed. A more
in-depth and detailed explanation of these methods, including
references to original articles, is given in the literature, for
example, in the book of Schweiger and JeschiRe.

10.1. FID-Detected EPR

In this technique, one 90pulse is applied to the spin
system, to transfer the magnetization from trexis (parallel
to the magnetic field) into they plane. As the spins, which
are aligned immediately after the microwave pulse, start to
dephase because of inhomogeneities of the internal field felt
by the electron spins, the net magnetization decreases with
a time constanfly, the phase memory time. The decay,
indicated in yellow in Figure 18 is called the free-induction
decay (FID). This method is rarely used to obtain information
about the system, because for a certain time directly after
the microwave pulse, signal detection is impossible, and
during this dead-time of the spectrometer most of the
magnetization usually decays. Moreover, unlike in NMR
spectroscopy, the spectral width of the EPR signal is too
large for a complete excitation with one microwave pulse.
In practice, the experiment has therefore to be performed
by measuring the FID, and stepwise incrementing the
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Schweiger
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Electron-Nuclear-
Nuclear
Triple Resonance
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magnetic field over the spectral range of the EPR signal.

FID-detected EPR can be useful for systems in which-spin Figure 18. Schematic overview of pulse sequences employed for

spin (T2) relaxation lies in the order of the dead-time of the Epr, ESEEM, ENDOR, and ELDOR methods employed in
spectrometer, under conditions where the ESE-detected EPRydrogenase research.

sequence fails. The FID signal moreover is sensitive to the

microwave powef28329
10.2. ESE-Detected EPR ing the magnetic_ fie]d, and monitoring the intensity of .t.he
echo. At magnetic fields for which the resonance condition
ESE-detected EPR can be viewed as an extension of thenw = gugB (h, Planck constanty, microwave frequency;
FID-detected EPR method. After the9ulse and the first ~ ug, Bohr magnetonB, magnetic field; andy, effective g
dephasing (FID) have taken place, a second pulse is appliedvalue) is fulfilled an echo appears. By this technique, an EPR
to the system. This is a 18@ulse, which inverts the time  spectrum (in absorption) is recorded and information can be
evolution of the spin system, such that spin rephasing takesobtained about theg values of the system, which are
place. After a time, equal to the separation of both pulses, characteristic for the electronic structure of the paramagnetic
rephasing is complete and all spins are aligned again.center. When nuclei with a large hyperfine interaction (i.e.,
Thereafter, the dephasing proceeds again. The phenomenothe magnetic coupling between the spin of the unpaired
of spin rephasing, followed by dephasing, is called an echo, electron and the spin of the nucleus) are present, additional
for this particular pulse sequence the Hahn echo, first structure appears in the EPR spectrum, from which these
described in 1956% It has the advantage that for pulse interactions can be determined. Once the hyperfine interac-
separations longer than the dead-time of the spectrometertion is known, information can be obtained, for example,
the complete echo can be recorded. about the effective distance between the electron spin and

The ESE-detected EPR experiment is performed by
keeping the microwave frequency fixed, stepwise increment-
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the nuclear spin and about the electronic structure (spinintensity is recorded as a function of the frequency of the

density distribution). RF radiation. Two basic variants of the ENDOR pulse
sequence exist, called Davies END®&Rand Mims EN-

10.3. Three-Pulse Electron Spin Echo Envelope DOR 332 The two pulse sequences differ slightly in the order

Modulation (ESEEM) Spectroscopy in which the pulses are applied to the system, as can be seen

in Figure 18. Davies ENDOR is usually used to detect
nuclear frequencies of nuclei with a strong coupling to the
unpaired electron, whereas Mims ENDOR is more suited to
detect the nuclear transitions of more weakly coupled nuclei
further away from the electron spin. Mims ENDOR unfor-
tunately suffers from a “blind spot” dependence, in that
Tfrequencies for which siafr) = 0, with z the time between

the first and second pulse, cannot be detected. The Davies
ENDOR sequence has been extended by Schweiger and co-
workers33 by splitting the RF pulse and applying an addi-
tional strong microwave pulse between the two RF pulses.
For systems with a long spitiattice relaxation time, this

When nuclei with small hyperfine interactions are present
that are not resolved in the EPR spectrum, it may be possible
to detect these couplings by electron spin echo envelope
modulation (ESEEM) spectroscopy. When the hyperfine
interaction is smaller than the inhomogeneous line width of
the EPR spectrum, and the nuclear frequencies are suf
ficiently small, the microwave pulses become nonselective
with respect to the nuclear sublevels. This results in a
coherent superposition of states, which evolves during the
times in between and after the microwave pulses. When the
time t between the second and third pulse is stepwise

increased, while keeping andB constant and monitoring  1o54s'to an improvement by a factor of 2 in signal intensity

the height of the echo, modulations can be observed whose,q ¢ompared to Davies ENDOR. The frequencies obtained
frequencies are equal to nuclear transition frequencies. Oncer,m ENDOR spectroscopy are essentially the same as those
the nuclear transition frequencies are known, or the variation ypioined from ESEEM spectroscopy. ENDOR spectroscopy
thereof over the field range sparlmed by the EPR spectrum,,o vever, is complementary to ESEEM spectroscopy, in that
hyperfine and (for nuclei with > */>) quadrupole coupling e technique becomes more sensitive as the nuclear transi-
constants can be elucidated, which in turn give information i,y frequencies increase and become appreciably far away
on the electronic structure near the atom which carries the¢.om 0 MHz. When ENDOR spectra are recorded at many
nuclear spin. ESEEM spectra are usually presented as Fou”anagnetic field values that span the range of the powder-

transform spectra, in Wh'Ch.the time axXies COF'VG”EO' toa type EPR spectrum, a selection of orientations becomes pos-
freque_ncy axis, whlch facilitates _determ|nat|on of the fre- gipie in the powder-type EPR allowing the elucidation of
quencies present in the modulation pattern. ESEEM Spec-py nefine and quadrupole tensors (like in ESEEM spectros-
troscopy works particularly well when the nuclear transition copy). ENDOR spectroscopy has initially been applied to

frequencies in one of the electron-spin-manifolds are close [NiFe] h ; :

. o : ydrogenases in the Hoffman group to idenfify
to 0 MHz (cancellat_lon condition). The technique has for couplings of protons in and near the [NiFe] active &ffe38
example been used in hydrogenase research to detédiithe

15N hfcs and ngcs of amino acids that are weakly coupled _ : )
to the active site, for example, histidine. The technique was JRO'G' Pulse Electron —Nuclear —Nuclear Triple
pioneered by Mim&* and has been used in the hydrogenase esonance

field, for example, to detect a weakly coupled histidyl  The electror-nuclear-nuclear triple resonance experiment

nitrogen near the [NiFe] centéf® (TRIPLE) is the two-dimensional equivalent to ENDOR
spectroscopy, in the same way as HYSCORE is the 2D
10.4. Four-Pulse ESEEM (HYSCORE) variant of ESEEM spectroscopy. In the TRIPLE experi-

The four pulse variant of ESEEM spectroscopy is called Ment?** two RF pulses are applied whose frequencies are
hyperfine sublevel correlation (HYSCORE) spectroscopy. independently incremented, and the echo intensity is re-
The difference with the former pulse sequence is that now corded. Whenever an RF frequency is resonant with a nuclear
two time intervalst; andt, are independently incremented, fransition a slight change of the echo intensity can be
thus creating a two-dimensional modulation pattern. After observed. In the two-dimensional TRIPLE spectrum, again
double Fourier transformation, a spectrum similar to a two- nuclear transitions that belong to the same nucleus can be
dimensional NMR spectrum is obtained, in which nuclear determined. Another advantage of TRIPLE spectroscopy is
frequencies that stem from the same nucleus can be correlateéat it can be used to determine the relative and sometimes
and grouped together. The technique is very useful for €V€N the absolute sign of theT hyperfine interaction. The latter
strongly coupled nuclei, for which the signals will appear in Property cannot be determined by any of the other spec-
a different part of the spectrum than those of the weakly troscopies discussed so far.
coupled nuclei, and for disentangling convoluted 3-pulse
ESEEM spectra with contributions from many nuclei. 10.7. Pulse Electron —Electron Double Resonance
HYSCORE spectroscopy was pioneered biféd@t al® It (PELDOR/DEER) Spectroscopy
has been used to experimentally identify the presence of a

hydride bridge in the Ni-C state of [NiFe] hydrogenages.  ELDOR, electron-electron double resonance spectros-
copy, is useful when two or more weakly interacting

10.5. Pulse Electron =Nuclear Double Resonance paramagnetic centers are present. When the relative orienta-

(ENDOR) Spectroscopy tions and dynamical properties of the two centers are constant

over the duration of the experiment, microwave pulses can
In electron nuclear double resonance (ENDOR) spectros-be applied with the aim to determine the magnetic coupling
copy, originally introduced by Feh?in 1956, an RF pulse  between the two centers. The experiment is performed by
is introduced to the system, with the aim to directly excite monitoring the echo of one of the two unpaired electrons
a nuclear spin transition. The experiment is performed at via a three pulse sequence (see Figure 18). When a fourth
fixed microwave frequency and magnetic field, and the echo pulse of different frequency is applied to flip the spin of the
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unpaired electron of the other center, the effective magnetic
field felt by the first electron changes. The microwave pulse
is then moved in time with respect to the pulses applied to
the “observer electron spin” and a modulation of the echo
intensity can be observed. The modulation frequency is
essentially determined by the magnetic coupling between the
two centers, which in turn give information about the distance
and relative orientations of the spin distributions in both
centers. Pulse ELDOR was introduced in 19%9t has for
example been used to measure the distance between the
[NiFe] center and the [3Fe4S] cluster in [NiFe] hydroge-
naseg?

a

10.8. ELDOR-Detected NMR N;i" A Ni =+ 4., b

Electron—-electron double resonance detected NMR spec-
troscopy was originally introduced as a pulse sequence in —t—d: —H—dz
which a weak Gaussian pulse appears to induce EPR
transitions'® In the three-pulse ELDOR-detected NMR —$—d,, —f—d, —4—d, —f—d.
experiments described here, three rectangular pulses are —H—d, —H—d,
applied. The aim of the experiment is to determine the
nuclear transition frequencies of very strongly coupled nuclei, - : _
for example the central metal of the paramagnetic site E'g‘sﬁl %ig'l d(%)f ﬁ?qlee'f‘:f‘t;éeggﬁgma“lg? gfftt;‘: gﬁ]u?reogg{]arirggal
(prowded It carries a nuqlgar spin). Two pulses are used to opt/)ital from a DFT calculation (B3LYprunctionaI, spi%yunrestficed
drive EPR allowed transitions and to create a normal twWo- formalism, split-valence basis set) in aNSH-)s(OH-) model
pulse echo, as was used in the ESE-detected EPR experimengystem. Thez direction is indicated by an arrow. (b) d-Orbital
Additionally, a strong and nonselective microwave pulse is energy levels for a Ni (left) and Ni (right) ion in a square
applied to drive EPR forbidden transitions. The frequency pyramidal crystal field.
of this pulse is scanned, and the echo height is again
monitored. When the frequency is such that an EPR
forbidden transition is induced a small change of the echo
intensity is observed. The frequency difference of the

value remains equal t.. Thus the EPR active redox states
in [NiFe] hydrogenases (A, B, C, L) are best classified as
Ni'" states. For a formal Ni species, thg values would be

microwaves driving the EPR allowed and EPR forbidden . 61
transitions is equal to a nuclear transition frequency. The O = 9 — pg(Ni) m (1)
method seems to work well for fast relaxing nuclei, such as z 4
the central metdi'Ni in [NiFe] hydrogenasé?? but does not _ 6
have the same resolution as, for example, that obtained in 9y = 9. — p<(Ni) E(d.) — E(d 2)
ENDOR and ESEEM spectroscopy. (dz) (o)

9, = G 3)

11. Appendix Il. Crystal Field Considerations for
Ni"" and Ni' in a Square Pyramidal Crystal Field wherege is the free electrory value (2.0023)04(Ni) the

spin density at Ni, and is the spin-orbit coupling parameter
In the crystal structures of [NiFe] hydrogenases, the nickel O?Ni. Noteythat for Nil is negpative. pingp

atom is surrounded by five ligands, four sulfur atoms from £ 4 formal Niredox state. the equations for thealues
cysteines, and an additional bridging ligand, as shown g, ’
schematically in Figure 19a. The base plane is formed by

three sulfur atoms and an oxygen, the ax@ldjirection is = g, — pNi) 21 4)

given by the direction from nickel to the sulfur of the fourth G = Ge — Pl E(d,._.,) — E(d,,)

cysteine. In such a square-pyramidal ligand field, the splitting Y Y

of d orbitals is given according to the energy scheme shown ) 22

in Figure 19336 0y = 9e — pg(Ni) — (5)
. - . E(dx27y2) E(dxz)

The unpaired electron is in a 3drbital for a Ni'" and a
3de-y2 orbital for Ni'. For Ni", the formal redox state of . 61
nickel in the case of Ni-A, Ni-B, Ni-C, and Ni-L, DFT g, = 9. — p<(Ni) — (6)
E(dy2) — E(dX,)

calculations are able to essentially reproduce the electronic

wavefunction of hydrogenase even on a simplified model |t can pe seen (under the assumption that thedd, and g,
of Ni"" (SH")4(OH"), with the main spin density being about  orpitals have similar energy) that for a'Mielargest gvalue
evenly distributed in the 3dorbital of Ni and the 3porbital would be expected along tizeaxis, which is not in line with

of the apical (axial) sulfur. o the single crystal EPR measuremetits.
By single-crystal EPR measurements, the directions of the

g tensor with respect to the geometry of the active site are 1, Appendix Ill. The Spin Exchange Model of the
determined. The principal axis that corresponds to the H-bluster in [Fell-'e] Hvdrogenase
smallestprincipal value §,) is invariably found for all redox yarog

states to be along theaxis of the square pyramid, which is To explain the experimental observation of tHee hf
in-line with eq 3, where it can indeed be seen thatdghe couplings from the formally diamagnetic [4F4S} sub-
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cluster in the Hyx and H,-CO states, a spin exchange model
has been developed. As pointed out above, the {418},
subunit of the H-cluster remains in theé-&tate. The ground
state of the cluster comprises two valence-delocalized pairs,
with spinS; » = $4= %, (see Figure 16). The two pairs are
antiferromagnetically coupled by Heisenbeiirac—Van-
Vleck (HDVV) exchange,J.ue Which yields a diamagnetic
ground state%.une= 0) and a triplet first excited stat&{e

= 1).3%7 According to experimental studies on [4F&SP*
clusters the value o8.,ne Wwas estimated to be about 200
cm 1338 Therefore n’Fe hf couplings are expected from
the [4Fe-4S} subunit of the H-cluster. However, an
additional exchange coupling exists between thgifr¢he
[2Fe}s subcluster (with spirss = Y,; see Figure 16) and
one of the irons of the “diamagnetic” [4F€S}, subunit.
This interaction mixes th8 = 1 excited-state of the cubane
subcluster into the electronic ground state thus giving rise
to an induced spin density resulting in the observation of
5Fe hyperfine couplings from the [4FdSH subcluster

(Figure 16b). This phenomenon has been observed in several

multi-iron cluster proteing3’—339

Bominaar and co-worketd have developed an electronic
model that explains the experimentally obsensége hf
interactions of all iron nuclei in th& = %, state of the
siroheme exchange coupled to the [4B&F T chromophore
in oxidized Escherichia colisulfite reductase. Later Belin-
sky*3 has reviewed this model and adopted a simplified
version to describe the= Y/, state of NO-complexed sulfite
reductase. Xia et &Pf® used this theory to explain the
observeP’Fe hf couplings from the [4Fe4SF+ found in
the Ni-activated R-subunit of carbon monoxide dehydroge-
nase fromClostridium thermoaceticunApplication of this
theory to the active [FeFe] hydrogenase by Popescu and
Munck successfully explains the observation of tfee hf
couplings from the [4Fe4S}, subcluster in the B and Hy-
CO staté’® In the electronic model the coupling of the
additional spin & = /,) mixes the excited,he = 1 state
of the “cubane” via coupling constajinto the ground state
Sube = 0 of the cubane (see Figure 16a). This gives rise to
isotropic®“Fe hf couplings of the [4Fe4S} whose values
depend on th@J.neratio. The calculations based on the work
of Belinsky23° result in the following expression for the hf
constants?8

1-(1—x/T
Aioaa= {% %)’Ié} a

wherel’ = [1 — 2x + 10042, x = j/4J.upe and a is the
intrinsic hyperfine interaction of the individual iron sites,
considered to be isotropic in this approximation. Figure 16b
shows the dependence of the isotropic part of>fe hfc

of the cubane on th@J.e ratio. The analysis of the hf
interaction of the valence-delocalized pairs in [3ESP,
[AFe—4SP+3t clusters suggests that= —22 MHz 340 The
theory predicts that the signs of the hfcs for the two Fe(ll)-
Fe(lll) pairs are opposite.

+()
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