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Abstract

Trofantchouk, Olga:
Catalytic Center of [NiFe] Hydrogenases. EPR, ENDOR and FTIR Studies
[NiFe] Hydrogenasen sind Metalloenzyme, die die reversible Umsetzung des molekularen Wasser-
stoffs katalysieren. Eine zentrale Rolle bei dieser Reaktion spielt das katalytische Zentrum, das
in den [NiFe] Hydrogenasen einen heterobimetallischen Nickel-Eisen Komplex darstellt. Die
Röntgenstrukturanalyse lieferte pr¨azise Informationen ¨uber die atomare Struktur des katalytis-
chen Zentrums in zwei [NiFe] Hydrogenasen. Der genaue Reaktionsmechanismus ist jedoch noch
nicht aufgeklärt. Das katalytische [NiFe] Zentrum l¨aßt sich in verschiedenen Redoxzust¨anden
des Reaktionszyklus stabilisieren. In einigen von ihnen ist das Nickelion paramagnetisch, was
den Einsatz von EPR-Techniken erlaubt. Das Eisenatom ist in allen Redoxzust¨anden des En-
zyms diamagnetisch und somit f¨ur EPR-Techniken ”unsichtbar”. Fourier-Transform-InfraRot-
Spektroskopie (FTIR) hat sich als empfindliches Verfahren f¨ur die Untersuchungen auch der dia-
magnetischen Zust¨ande des katalytischen Zentrums in den [NiFe] Hydrogenasen, speziell der
Umgebung des Eisen-Atoms, bew¨ahrt und wurde daher in dieser Arbeit auch eingesetzt.

Im Rahmen dieser Arbeit wurde das katalytische Zentrum in den [NiFe] Hydrogenasen aus
zwei verschiedenen Mikroorganismen:Desulfovibrio vulgaris Miyazaki F undAcidithiobacillus
ferooxidans untersucht. Beide Bakterien sind am Schwefel-Zyklus beteiligt. [NiFe] Hydroge-
nasen sind ein wichtiger Bestandteil des bakteriellen Metabolismus.

Die [NiFe] Hydrogenase ausDesulfovibrio vulgaris Miyazaki F geh¨ort zu den ’Standard’
Hydrogenasen. Verschiedene Redox-Zust¨ande dieses Enzyms wurden in der Proteinl¨osung und
in den Einkristallen hergestellt und mittels EPR-Spektroskopie charakterisiert. Die Orientierung
desg-Tensors relativ zu der atomaren Struktur wurde sowohl im oxidierten (Ni-A und Ni-B) als
auch im reduzierten (Ni-C) Zustand der Hydrogenase bestimmt. Diese Studien liefern r¨aumliche
Informationen ¨uber die elektronische Struktur des aktiven Zentrums. Diese Ergebnisse sind eine
Voraussetzung f¨ur ENDOR Experimente zur Lokalisierung der Protonen in der Umgebung des
aktiven Zentrums und Bestimmung der Substrat-Bindungsstelle(n). ENDOR Messungen am Ni-
B Zustand derD. vulgaris Hydrogenase erm¨oglichten eine Zuordnung von zweiβ-CH2-Protonen
des Cysteinliganden am Nickel. Der aktive (Ni-C) Zustand wurde durch die Reduktion mit dem
natürlichen Substrat Wasserstoff erzeugt. In diesem Zustand wurde die Spin-Spin Kopplung des
NiFe Zentrums zum benachbarten Eisen-Schwefel-Cluster nachgewiesen und analysiert.

Die [NiFe] Hydrogenase ausAcidithiobacillus ferrooxidans wurde erst vor kurzem isoliert
und gereinigt. Im Rahmen der vorliegenden Arbeit wurde die Hydrogenase erstmals mit EPR-
und FTIR-Spektroskopie untersucht. Es wurde ein katalytisches [NiFe] Zentrum nachgewiesen,
welches dem in den ’Standard’-Hydrogenasen ¨ahnelt. Verschiedene Redoxzust¨ande des Enzyms
wurden hergestellt und analysiert. Neben den f¨ur die ’Standard’-Hydrogenasen charakteristischen
Eigenschaften zeigte dieA. ferrooxidans einige Besonderheiten wie z.B. die Lichtempfindlichkeit
des oxidierten Zustandes. Dieser Effekt k¨onnte durch die Existenz eines photolabilen Liganden
in der verbrückenden Position zwischen dem Nickel und dem Eisen erkl¨art werden. Die Spin-
Spin Kopplung zu einem benachbarten paramagnetischen Zentrum wurde ebenfalls im oxidierten
Zustand des Enzyms beobachtet. Die Analyse der Aminos¨aurensequenz zeigte eine m¨ogliche
Abweichung in der Anordnung der Kofaktoren, die diese Wechselwirkung zustande kommen l¨aßt.

Die Auswertung der erhaltenen experimentellen Daten liefert einen Beitrag zum Verst¨andnis
der Struktur-Funktionsbeziehungen und des Reaktionsmechanismus in den [NiFe] Hydrogenasen
aus verschiedenen bakteriellen Organismen.
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Chapter 1

Introduction

The study of enzymes is a subject which has a special interest, because it lies on

the borderline between the biological, the chemical, and the physical sciences.

On the one hand, enzymes are of supreme importance in biology. Life depends

on a complex network of chemical reactions brought about by specific enzymes,

and any modification of the enzyme pattern may have far-reaching consequences

for the living organism. On the other hand, enzymes, as catalysts, are receiving

increasing attention from physical chemists. The mechanism of action of enzymes

is in itself one of the most fascinating fields of scientific investigation at present

time. The name ’enzyme’ was introduced in 1878 by W. K¨uhne and meansεν

ζυµη (in yeast) to denote some substance presentin yeast and responsible for its

activity [1].

A large number of important enzymes contain metal ions as part of their struc-

ture such as nickel, iron, copper or molybdenum which are called cofactors. The

enzymatic activity is often associated with chemical changes of these metal cen-

ters [2]. Cofactor investigations are therefore of great importance for understand-

ing catalytic reactions and structure-function relatioships.

Chemical valency changes, or redox processes, often produce varying un-

1



2 1 Introduction

paired electron configurations around the metal ion. Such states can be followed

and characterized by Electron Paramagnetic Resonance (EPR) techniques. Ap-

plication of these methods to the study of protein molecules containing transition

metals offers a valuable advantage: detailed information can be obtained about

this particular site and its surrounding and often on the site symmetry around it,

even though there may be several thousands other atoms within one molecule.

This feature makes EPR to a powerful tool for applications in biochemistry and

biology.

In the diamagnetic states, application of other experimental methods is re-

quired. One of these methods is infrared spectroscopy which provides informa-

tion about rotational, vibrational, and rotation–vibration energy changes in the

molecule. The vibrational frequencies obtained by this method are extensively

used for fingerprint certain groups in different molecules as well as for structure

determinations.

One of members of the large metalloenzyme ’family’ – hydrogenase – is the

main subject of investigations performed in this thesis. Hydrogenases (hydro-

gen:acceptor oxido-reductases) [3] are redox enzymes responsible for hydrogen

activation. Their ability to catalyze the reversible oxidation of molecular hydro-

gen according to the reactionH2 *) 2H++2e� has attracted a strong attention as

a basis for environmentally friendly energy sources. Prototypes of such hydrogen

photoreactors have been developed during the last few decades (for a review see

[4]) and represent fascinating opportunities for light-driven biological production

of hydrogen provided by a combination of hydrogenase and plant Photosystem II.

Hydrogenases are divided into three classes with respect to their metal content:

[NiFe]- [5–8], [Fe]- [9, 10], and metal-free [11, 12] hydrogenases. The majority

of hydrogenases known up to now belong to the first group and contain a het-

erobimetallic [NiFe] cluster as the site where the hydrogen reaction is believed
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to take place. Some of them contain selenium in form of selenocysteine and are

therefore called [NiFeSe] hydrogenases [13, 14].

In spite of the simplicity of the reaction catalyzed by hydrogenase, its mecha-

nism is still subject of discussion. Recently, the atomic structure of the hydroge-

nase catalytic center was obtained by X-ray structural analysis at high resolution

[15–18]. However, hydrogens – the reaction substrate – do not carry sufficient

amount of the electron density to be ’visible’ by this method.

An understanding of the catalytic reaction is based on knowledge of the elec-

tronic structure of the catalytic center and its changes during the redox cycle.

The first evidence for the nickel atom being present in the active site of the hy-

drogenase was given by EPR experiments performed on61Ni-substituted enzymes

[19]. Upon reduction or oxidation, hydrogenases pass through several redox states

[20, 21]. In some of these states, the catalytic [NiFe] center is paramagnetic and

can unambiguously be identified by the corresponding EPR spectrum [20, 22–28].

X-ray data showed presence of three unusual diatomic ligands of the iron atom be-

ing identified by infrared spectroscopy as carbonyl and cyanide groups [29–31].

Stretching frequencies of these ligands sense changes of the charge density on the

iron atom [32, 33]. Infrared spectroscopy has therefore taken an important place

among many experimental techniques employed in hydrogenase research.

Aim of this work is the investigation of the electronic structure of the [NiFe]

hydrogenase in its various redox states by means of magnetic resonance and in-

frared spectroscopy. Results of these studies performed on enzymes from two

different bacteria –Desulfovibrio vulgaris Miyazaki F andAcidithiobacillus fer-

rooxidans are reported in the following. Both micro-organisms are involved in the

environmental sulfur cycle. The strictly anaerobicDesulfovibrio bacteria effect

the direct reduction of sulfate ions to hydrogen sulfide (natural reduction). The

major function of the bacterial genusAcidithiobacillus is the oxidation of sulfur
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or sulfides for energy production (natural oxidation). The [NiFe] hydrogenases are

employed in these processes and play therefore an important role in cell metabolic

activity. The [NiFe] hydrogenase fromDesulfovibrio vulgaris belongs to the well-

studied ’standard’ hydrogenases. An availability of single crystals of this enzyme

[16, 17] poised both in the oxidized (Ni-A and Ni-B) and reduced (Ni-C) states

and being large enough to perform magnetic resonance experiments allowed us to

obtain aspatial information about the electronic structure of the active site. These

results are prerequisite for ENDOR experiments which enable to localize protons

in the vicinity of the NiFe center and to determine the substrate binding site. The

hydrogenase fromAcidithiobacillus ferrooxidans has recently been purified [34].

In this work, magnetic resonance and infrared spectroscopy were applied to this

enzyme for the first time to characterize its active site. The catalytic center of

theA. ferrooxidans hydrogenase is assumed to have a structure similar to that in

’standard’ hydrogenases. However, this enzyme shows several interesting proper-

ties not observed in ’standard’ hydrogenases, e.g. light sensitivity of the oxidized

state. This observation can be explained by an existence of a photolabile ligand in

the bridging position between the nickel and the iron.

An overview about available structural data and redox properties of the [NiFe]

hydrogenase is given in the next chapter. Chapter 3 is concerned with basic prin-

ciples of the experimental methods applied in this work, their theory and practical

applications. Chapter 4 presents results obtained from EPR studies of the frozen

solution and single crystals of the [NiFe] hydrogenase fromDesulfovibrio vul-

garis Miyazaki F for both oxidized and reduced states. Magnetic resonance and

infrared spectroscopy studies of the [NiFe] hydrogenase fromAcidithiobacillus

ferrooxidans are described in Chapter 5. Chapter 6 summarizes results of this

work and conclusions derived from them. At the end of this chapter, an outlook is

given.



Chapter 2

Bacterial [NiFe] Hydrogenases -

Structure and Properties

The enzyme responsible for hydrogen activation was termed ’hydrogenase’ by

Stephenson and Stickland in 1931 [3]. By oxidation of H2 to two protons and two

electrons bacterial organisms aquire energy-rich reducing equivalents and thereby

reduce a variety of substrates and generate sufficient energy for ATP sythesis.

Bacteria living in an anaerobic environment often dispose their excess of elec-

trons by way of the reduction of protons. Importance of the nickel for growth

[35] and biosynthesis of active hydrogenase [36] and its involvement in metabolic

processes in bacteria such as acetate systhesis from CO2 or CH4 production from

CO2 [37] was recognized around twenty years ago. Around the same time Graf

and Thauer [5] found stoichiometric amounts of nickel in the purified hydroge-

nase fromMethanobacterium thermoautotrophicum, strain Marburg. These re-

sults were confirmed by EPR measurements performed on the61Ni-substituted

samples [19, 28]. After incubation under H2 the EPR signals disappeared indicat-

ing a redox process in which nickel was involved. Excellent reviews on hydroge-

nases can be found e.g. in [6, 8, 38–40]. In following, a summary about structural

5



6 2 Hydrogenases

and redox properties of the [NiFe] hydrogenases will be given.

2.1 Structure and Cofactors

During the last five years, several [NiFe] [15–18] and [Fe] [10, 41] hydrogenases

were crystallized and X-ray structural data were obtained for them at high resolu-

tion. Similarities of the active site architectures between [NiFe] and [Fe] hydro-

genases were studied in [42]. The recent X-ray data for the [NiFe] hydrogenases

are summarized in Table 2.1:

Bacterium Hydrogenase Redox State Resolution,Å Ref.

D. vulgaris MF [NiFe] Oxidized 1.8 [16]

D. vulgaris MF [NiFe] Reduced 1.4 [17]

D. gigas [NiFe] Oxidized 2.5 [15]

D. baculatum [NiFeSe] Reduced 2.15 [18]

Hydrogenases fromDesulfovibrio species belong to the so-called ’standard’

hydrogenases. These enzymes have molecular weights of about 100 kDa and

consist of two subunits: a large one with the NiFe active site and the small one

containing iron-sulfur clusters. The atomic structure of the heterodimeric [NiFe]

hydrogenase fromDesulfovibrio vulgaris Miyazaki F obtained from X-ray struc-

tural analysis [16] is shown in Fig. 2.1. The large subunit (in green) contains the

heterobinuclear NiFe center. The small subunit (in blue) harbours two [4Fe-4S]

clusters and one [3Fe-4S] cluster. The well-studied [NiFe] hydrogenase fromD.

gigas has a very similar structure [15, 43].
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Figure 2.1: Heterodimeric [NiFe] hydrogenase fromDesulfovibrio vulgaris

Miyazaki F: Atomic structure obtained from X-ray structural analysis [16]. The

large subunit (L) is green, the small subunit (S) is blue, the cofactors are orange.

In the middle of the large subunit (framed): the catalytic [NiFe] center.
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It is remarkable that three iron-sulfur cluster are arranged in a chain with ap-

proximately equal intercenter distances (see Fig. 2.2). This observation together

with results of redox titrations [44–46] let to the assumption that an electron trans-

fer chain is formed by the nickel site and the [4Fe-4S] clusters [47]. The role of

the [3Fe-4S] cluster remains unclear since its redox potential is much higher than

that of the two other iron-sulfur clusters. Recently, Roussetet al. reported a con-

version of a [3Fe-4S] cluster into a [4Fe-4S] cluster in the [NiFe] hydrogenase

Ni

Fe

[4Fe-4S] prox

[3Fe-4S]

[4Fe-4S] dist

10.58

9.85

8.84

Figure 2.2: Cofactor arrangement and electron transfer chain in the [NiFe] hydro-

genase fromDesulfovibrio vulgaris Miyazaki F [16].
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from D. fructosovorans when a glycine residue bound to the iron-sulfur cluster

was substituted by a cysteine [48]. For the [NiFe] hydrogenase fromD. gigas,

the [3Fe-4S] cluster was suggested to control the rate and/or the direction of the

electron flow [49].

The atomic structure of the nickel site in the oxidized state of the hydrogenase

has been revealed by X-ray structure analysis of the [NiFe] hydrogenase single

crystals [15, 16, 43] and surprisingly showed presence of two metal atoms – nickel

and iron. Previous studies did not yield any indications for the presence of a

second metal besides nickel – no iron EPR signals were measured in any of the

species or redox states [50]. EPR spectra of57Fe-enriched hydrogenase fromA.

Ni

Cys546

Cys81

S

Cys549
Fe

Cys84

O
S

O

C

O

C

Figure 2.3: Active site in the [NiFe] hydrogenase fromDesulfovibrio vulgaris

Miyazaki F [16]. Ligands of the Ni and Fe atoms: carbon atoms are black, sulfur

atoms are gray, and oxygen atoms are white. The residues are all from the large

subunit (L) of the heterodimeric enzyme.
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vinosum [42] did not show any broadenings or splittings. Also in ENDOR studies

performed on the57Fe-substituted [NiFe] hydrogenase fromD. gigas by Huyettet

al. [51] no iron hyperfine interactions were established in any paramagnetic redox

state of the enzyme. Only in the Ni-A state a small hyperfine coupling of�1.1

MHz was detected.

X-ray data showed that the nickel atom is five-fold and the iron atom six-fold

coordinated (Fig. 2.3). The first evidence for a sulfur atom directly bound to the

nickel was obtained by Albrachtet al. [52] by EPR studies of33S-enriched hy-

drogenase fromW. succinogenes. The binding situation around the nickel can be

described as a distorted square pyramidal or distorted octahedral. There are two

cysteine residues bridging both metals, and two further terminal cysteines bound

to the nickel. Furthermore, the iron atom has three diatomic non-protein ligands.

These are identified as 1 CO and 2 CN [29, 30, 33] or 1 CO, 1 CN, and 1 SO

molecule [16]. In some redox states, the active site contains an additional ligand

bridging the nickel and the iron: O2�/OH�, or S2�/SH� are discussed for the

oxidized enzyme [15, 16, 50] (Fig. 2.3). As can be seen from Fig. 2.1, the active

site of the [NiFe] hydrogenase is deeply buried in the protein. No major struc-

tural changes in the overall geometry of the active site were therefore expected

upon hydrogen activation [8]. The highly resolved X-ray structure of the reduced

[NiFe] hydrogenase fromD. vulgaris Miyazaki F [17] confirmed these sugges-

tions. The main difference between active sites in the oxidized and in the reduced

enzyme is the liberation of the bridging ligand upon reduction of the hydrogenase

[53] whereas the remaining atoms are arranged equally. Magnetic resonance ex-

periments yielded several indications for a hydrogen species (H�) occupying the

bridging position between the nickel and the iron atoms in the reduced hydroge-

nase [54–56].

Comparison of the amino-acid sequences derived from the structural genes
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encoding the two subunits for above 20 different hydrogenases showed presence

of several conserved motifs both in the large and the small subunits [57]. These

motifs denote the binding position of the protein cofactors. Homology analysis

showed that sequences of the large subunits are fairly conserved whereas those

of the small subunits are comparatively more variable [6]. Due to functional and

sequential analogies, three parts, or domains, can be distinguished in composi-

tion of the [NiFe] hydrogenases [6, 8]: domain 1 contains the hydrogen-activating

site, domain 2 is the electron-transfer part, and domain 3 the electron acceptor or

donor. The N-terminus of the domain 2 including the proximal [4Fe-4S] cluster

was found in the small subunit of many [NiFe] hydrogenases [57]. It was therefore

concluded that the minimal unit required for the activation and oxidation of hy-

drogen involves the large subunit and highly conserved motifs of the small subunit

[6].

2.2 Redox States of the [NiFe] Hydrogenases

Upon oxidation/reduction, the active site of the hydrogenase passes through var-

ious redox states. In several of these states, the [NiFe] center has an unpaired

electron, localized mainly at the nickel atom (S=1
2 state), and can, therefore, be

studied by EPR spectroscopy [7, 22, 24–27]. The EPR observables (principal val-

ues of theg-tensor) are very sensitive to structural changes in the vicinity of the

active center and thus allow us to monitor the differences in the electronic structure

during the activation process. The iron atom remains diamagnetic (Fe(II), S=0) in

all possible redox states of the hydrogenase [51] and is therefore ”invisible” for

EPR methods. However, the stretching frequencies of the diatomic ligands on the

Fe (1 CO and 2 CN molecules) are detectable by Fourier-Transform Infrared Spec-

troscopy (FTIR) and reflect the changes of the electron density on the iron atom
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in various redox states of the enzyme [29, 31, 33]. For each redox state, there is a

characteristic set of three infrared bands measured by FTIR spectroscopy.

Therefore, the combined application of EPR and FTIR techniques offers an

unique opportunity to investigate the active center of the hydrogenase during the

whole redox cycle.

2.2.1 Oxidized, Inactive States

For the oxidized enzyme (obtained e.g. after aerobic purification), the Ni-A (Ni�
u,

or ’unready’) and the Ni-B (Ni�r , or ’ready’) forms are observed in most [NiFe]

hydrogenases [22, 26, 58, 59]. The nickel atom is assumed to have a Ni(III) 3d7

configuration in this state. However, in some cases, there are deviations: in the

[NiFeSe] hydrogenase fromMethanococcus voltae the oxidized states are ob-

tained only after oxidation of the ’as isolated’ enzyme [14] whereas in the soluble

hydrogenase fromRalstonia eutropha no EPR signals of the oxidized enzyme are

observed [31, 60].

The Ni-A and the Ni-B states are also called ’unready’ (Niu) and ’ready’ (Nir),

respectively. They differ mainly in the rates of the reductive activation. The en-

zyme in the Ni-A state requires several hours of incubation under hydrogen atmo-

sphere to become active whereas the Ni-B state can be activated within minutes

under the same conditions. Results of EPR and FTIR spectroscopical studies in-

dicate only small structural differences between these two states. In this work, a

protonation of the bridging ligand in the Ni-B state is discussed based on results

of magnetic resonance experiments performed on the hydrogenase frozen solution

and single crystals.



2.2 Redox States of the [NiFe] Hydrogenases 13

2.2.2 Reduced, Active States

When a ’standard’ hydrogenase is activated under reducing conditions (e.g. by

incubation under hydrogen atmosphere), the Ni-A and Ni-B signals disappear re-

sulting in an EPR silent state (Ni-SI). There is also the largest shift of the CO/CN

infrared bands observed during reduction of the enzyme. Further reduction of

the hydrogenase leads to the appearance of a new EPR signal – the so called

Ni-C (Ni�a, or active) state [20, 23, 24]. Reductive and oxidative titrations [44–46]

showed that the Ni-C is two electrons more reduced than the Ni-A and Ni-B states.

Van der Zwaan et al. [54] discovered light sensitivity of this signal when the sam-

ple is illuminated at temperatures below 80 K. This effect was found in all [NiFe]

hydrogenases studied up to now, see e.g. [13, 22–24, 58, 61] and is interpreted as

a photodissociation of a hydrogen species in the vicinity of the nickel [56]. In

some cases, there are several light-induced states observed by EPR [62]. CO/CN

stretching frequencies also show a considerable shift to higher frequencies indi-

cating an increase of the charge density on the iron atom during the Ni-C to Ni-L

transformation. [29, 31, 42].

Subsequent reduction of the Ni-C state results in disappearence of the EPR

signals. This fully reduced state of the hydrogenase is called Ni-R and is believed

to represent a state where the enzyme is in equilibrium with H2 [21, 59].

2.2.3 Reaction Mechanism

The mechanism of the heterolytic cleavage of the hydrogen molecule at the active

site of the hydrogenase still remains a subject of discussion. The redox behavior

of the nickel is the main reason to assume it to be a binding site for a hydrogen

molecule. However, EXAFS experiments did not show any significant changes

of the electron density on the nickel atom between various redox states of the
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hydrogenase [39, 63–66].

The mechanism of the enzyme activation proposed in [17] involves liberation

of the bridging ligand (Fig. 2.3) present in the oxidized state of the enzyme [53].

This process is the main requirement for the activation of the hydrogenase [20,

30, 50]. In the EPR silent state Ni-SI the bridging position is therefore vacant.

Further reduction of the hydrogenase leads to binding of a hydride in the bridging

position (Ni-C state) and finally, in the Ni-R state, there is one more hydrogen

species bound in the vicinity of the nickel [53].

The ability of the hydrogenases to catalyze proton-deuterium or proton-tritium

exchanges in the absence of electron donors or acceptors according to the reaction

H2 + D2O*)HD + HDO allowed to propose that molecular hydrogen is heterolyt-

ically cleaved to a proton and a hydride ion with the subsequent formation of an

enzyme-hydride intermediate [67]. In this context, a reaction mechanism involv-

ing a base near the catalytic site where the proton binds during the catalytic cycle

was proposed by M. Frey [8]. According to this model, the nickel atom could

be responsible for a base-assisted heterolytic cleavage of the hydrogen molecule,

whereas the iron could be redox-active.

An important step towards understanding the mechanism of the reaction cat-

alyzed by [NiFe] hydrogenases was the recent synthesis of a binuclear Ru-Fe com-

plex transforming a two-electron reductant (such as H2) into two single-electron

reducing equivalents (redox switch reaction) [68, 69].

X-ray crystallographic studies of the CO-complexed [Fe] [41, 70] and [NiFe]

hydrogenases [14, 61] and studies of photochemistry at its active site [71] provided

an indirect view of the substrate binding site.

Recently, also theoretical calculations based on Density Functional Theory

[72–74] were employed to study the reaction mechanism of metalloproteins [75]

and in particular [NiFe] hydrogenases [76–78].
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In the perspective, genetic studies combined with X-ray and spectroscopic

as well as theoretical analysis should contribute to a better understanding of the

hydrogenase function.
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Chapter 3

Applied Spectroscopic Methods:

Theory and Applications

Spectroscopy can be defined as the measurement of the effect of radiation on a

material property as a function of the energy of the radiation [79]. In this work,

both magnetic resonance and infrared spectroscopies were applied to study the

catalytic center of the [NiFe] hydrogenase. In following, a brief introduction into

theory and applications of these methods will be given.

3.1 Magnetic Resonance

Magnetic resonance is a form of spectroscopy where the property is the elec-

tron or nuclear paramagnetism. This phenomenon was discovered in 1944 by E.

K. Zavoisky [80] and found its application in various fields of life sciences. An

overview about historical development of EPR techniques is given e.g. in [81].

In a large number of metalloenzymes (among them hydrogenases) the partic-

ular transition metal with associated unpaired electrons plays a crucial role in the

activity of the molecule in question. Hence, although the studies are on the highly

17
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localized part of a large molecule, it can nevertheless be on one of the most im-

portant sites and give very interesting and presice information on the biological

activities concerned. Detailed classical and quantum mechanical description of

the magnetic resonance phenomenon is given in numerous books and manuscripts

(see e.g. [82–84]).

In general, an unpaired electron is very sensitive to its surrounding and inter-

acts with it. Interactions of the unpaired electron contributing to the EPR spectrum

are collected in the spin Hamiltonian:

H = HZ +HHFC +Hex+Hdip; (3.1)

whereHZ is the Zeeman term,HHFC describes hyperfine interaction,Hex undHdip

are the exchange and the dipolar parts of the Hamiltonian term describing spin-

spin interaction.

3.1.1 Electron Zeeman interaction

The Hamiltonian for a free electron in a magnetic field is given by the expression:

H = geβSB; (3.2)

whereβ is the Bohr magneton,S – the electron spin, andB – the magnetic field.

For spin S=1=2 and the magnetic field direction along thez axis and magnitude

B0, mS = �1=2 and there are two states which are degenerate in zero field and

whose separation increases linearly withB0 as shown on the Fig. 3.1 (Zeeman

effect). α andβ are used to indicate themS = +1=2 andmS = �1=2 eigenstates

for S= 1=2. The lowest state hasmS =�1=2, so that the spin is antiparallel to the

field, but the magnetic moment is parallel to the field.

The separation of the two energy levels to a quantum of radiation through the

Bohr frequency condition is written as:

∆E = hν = geβB0: (3.3)
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Figure 3.1: Energy levels for an electron spin (S = 1=2) in an external magnetic

field B0.

This expression is the basic resonance condition for a free electron.

3.1.2 g-Tensor

For the transition metal complexes, the form of an EPR spectrum is dependent on

the relative orientation of the molecular axes of the sample to the direction of the

magnetic field (anisotropy). This feature is the result of the spin-orbit interaction.

The orbital momentL with corresponding magnetic momentµL = βL contributes

to the effective electron Zeeman interaction. This term depends on the spin-orbit

coupling constantλ as well as on the energy splittings of the d-orbitals [82]. The

corresponding term in the Hamiltonian is now written as:

HZ = βB0gS (3.4)

The scalarg-factor from Eq. 3.2 is substituted by a 3x3 matrix calledg-tensor

where the spin-orbit interaction is considered. In the axes system called principal,

this tensor is diagonal and its principal values aregx, gy, andgz. Three principal
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g-values can be directly determined from the EPR absorption derivative spectrum

and correspond to an end maximum, an end minimum, and a midpoint cross-

ing. An example of such a rhombic spectrum is shown in Fig. 4.11a where the

EPR spectrum of the reduced state of the [NiFe] hydrogenase fromD. vulgaris

Miyazaki F is depicted. Theg-tensor is very sensitive to structural changes in the

vicinity of the unpaired electron, such as molecular symmetry, and changes in the

electronic structure of the metal ion. Its determination is therefore an important

goal of EPR spectroscopy.

Experimental determination of the g-tensor orientation by single crystal EPR

studies

Analysis of the single crystal EPR data yields fundamental information about the

magnitude and the principal directions of theg-tensor which can be related to the

molecular structure of the paramagnetic centers.

For an oriented sample in a single crystal, theg-value depends on the orien-

tation of the crystal with respect to the applied magnetic field. The resonance

condition is therefore given as:

hν = βg(ϑ ;ϕ)B0; (3.5)

where the anglesϑ andϕ define the orientation. The experimental data are values

of g(ϑ ;ϕ). When an axis system to which the orientation of the crystal is referred

to is chosen and̀i are the direction cosines of field B in the reference axes, the

expression for theg-values is written as:

g = (`α(g �g)αβ`β)
1=2: (3.6)

This result shows that theg-value is determined by the square ofg.

Analysis of the single crystal EPR data and a procedure for determination of
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theg-tensor orientation in various redox states of the [NiFe] hydrogenase fromD.

vulgaris Miyazaki F are described in Section 4.3.2.

3.1.3 Hyperfine interaction

When an unpaired electron interacts with a nuclei in its vicinity, a new term de-

scribing this hyperfine interaction is added to the Hamiltonian:

HHFC = SAI (3.7)

The hyperfine tensorA can be divided into two parts: an isotropic partaiso and

a traceless anisotropic partAdip. The isotropic hyperfine coupling constant de-

scribes the Fermi- contact interaction and is proportional to the unpaired spin

density at the position of a nucleus. The second, anisotropic part of the hyper-

fine tensor is caused by an interaction between the electron and nuclear dipole

moments and is given by

Hdip =
βgβNgN

h

�
3(S� r)(I � r)

r5 �
S� I
r3

�
(3.8)

wherer is the intercenter vector. If the distancer between paramagnetic metal ion

and a nucleus is large, the electron and nuclear spins can be considered as point

dipoles. Consequently, the hyperfine tensorAdip has principal values

(�Adip;�Adip;2Adip); (3.9)

where

Adip =
βgβNgN

h
�

1
r3 (3.10)

These equations are valid when the spin is completely localized on the metal

atom. However, in many cases a redistribution of the unpaired spin density into

ligand orbitals takes place. This has to be considered when hyperfine coupling
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parameters are analyzed: the hyperfine coupling has therefore to be scaled with

the spin densityρM which resides on the central atom.

Adip yields valuable structural information about nuclei localized in the vicin-

ity of the metal atom. Hyperfine interactions in the ’ready’ state of the [NiFe]

hydrogenase and structural data about protons in the vicinity of the active center

are presented in Chapter 4.

Experimental study of hyperfine interactions: ENDOR

Electron Nuclear Double Resonance (ENDOR) spectroscopic method was devel-

oped by G. Feher in 1956 [85]. This technique combines both NMR and EPR and

utilizes the advantages of each of these methods: it offers several orders of mag-

nitude more sensitivity than NMR and much higher spectral resolution than EPR.

The nuclear spin transitions are detected via monitoring the changes of the ampli-

tude of a saturated EPR signal. Energy levels of a system with interacting electron

and nuclear spinsS = 1=2; I = 1=2 are shown on the Fig. 3.2. Frequencies of the

allowed EPR and NMR transitions are in this case

νEPR = jνe�aiso=2j (3.11)

νNMR = jνN �aiso=2j (3.12)

Orientation selected ENDOR

For transition metal complexes, magnetic resonance experiments usually have to

be performed at low temperatures, due to their fast electron spin lattice relaxations

(Te) at low temperatures. The ENDOR data of metalloproteins are generally col-

lected in the solid state - either frozen protein solution or single crystals are used.

Since the protein single crystals are still rare and their size is in many cases not suf-

ficient for magnetic resonance studies, orientation selected ENDOR is employed
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Figure 3.2: Energy levels forS = 1=2; I = 1=2 system with an isotropeg-tensor

andaiso > 0. Two allowed EPR (∆mS = �1=2) and NMR (∆mI = �1=2) transi-

tions are shown.

to study hyperfine interactions in these samples in order to get the magnitude and

principal directions of a hyperfine tensor.

When ENDOR spectra are measured on a metal center with a rhombicg-

tensor, a large number of molecular orientations are contributing to the resonance

pattern at an arbitrary field position selected in the EPR spectrum. ENDOR spec-

tra taken with the magnetic field set at the extreme edges of the frozen solution

EPR envelope, near the maximal or minimalg-values, give single-crystal like pat-

terns from the subset of molecules for which the magnetic field is directed along

a g-tensor axis [86]. Collection of the ENDOR spectra taken at various positions

of the EPR envelope offers therefore an opportunity for full determination of the
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hyperfine tensors as well as their orientation with respect to theg axes system. An

excellent review on the application of the orientation selected ENDOR to study

metalloproteines is given by Hoffmanet al. in [87].

3.1.4 Spin-spin interaction

Hamiltonian terms describing magnetic interactions between two paramagnetic

point dipoles A and B with spinsSA = SB = 1=2 are given by an exchange part

Hex =�2SAJSB (3.13)

whereJ is the exchange coupling constant and

Hdip =
µ0β2

4πr3

�
(gA �SA)(gB �SB)�3

(r �gA �SA)(r �gB �SB)

r2

�
; (3.14)

wheregA andgB are theg-tensors of the two centers A and B, andr is the inter-

center distance [88].

Spin-spin interaction between the active center of the [NiFe] hydrogenase and

a neighboring iron-sulfur cluster will be described and analysed in Chapter 4.

3.2 Fourier Transform Infrared Spectroscopy

In infrared spectroscopy, IR radiation (10000–200 cm�1) is passed through a sam-

ple. A part of the radiation is absorbed by the sample or transmitted through it.

An infrared spectrum represents a fingerprint of a sample with absorption peaks

which correspond to the frequencies of vibrations between the bonds of the atoms

making up the compound. The occurrence of a vibrational transition in the in-

frared region is dependent on an overall change of the electric dipole moment

during the particular vibration.
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3.2.1 Qualitative analysis based on the vibrational frequencies

The values of the characteristic group frequencies depend on the molecular envi-

ronment and neighboring groups. The vibrational frequency is also dependent on

whether the molecule is studied in the solid, liquid, or gaseous phase.

In the molecule X(Y)CO, the carbonyl stretching frequencyνC=O depends on

the substitutents X and Y. For example, when an aliphatic C=C is conjugated with

the C=O group like inα;β-unsaturated ketones –CO=CH–CO–, the frequency

range is 1685–1665 cm�1. In inorganic or organometallic compounds, the car-

bonyl group gives very strong and characteristic frequencies. When CO takes a

bridging position between two metal atoms, theνC=O stretching frequency usu-

ally occurs between 1700 and 1850 cm�1. In contrast, terminal carbonyl groups

exhibit bands between 1850 and 2150 cm�1. These features allow identification

of the diatomic ligands of the iron atom in the catalytic center of the [NiFe] hydro-

genase [30, 33]. Results of the FTIR studies performed on the various redox states

of the hydrogenase fromA. ferrooxidans are presented and discussed in Chapter

5.

3.2.2 Advantages of FTIR spectroscopy

Fourier Transform Infrared (FTIR) is the preferred method of infrared spectroscopy.

The older infrared spectrometers were of the dispersive type. These instruments

separated the individual frequencies of energy emitted from the infrared source.

This technique had some severe limitations such as low speed of measurements,

low sensitivity, and mechanical complexity. FTIR spectrometry overcomes these

limitations by employment of an interferometer allowing a simultaneous mea-

suring all of infrared frequencies. The resulting signal is called an interfero-

gram and contains in every data point information about every infrared frequency
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which comes from the source. To obtain a frequency spectrum (plot of the in-

tensity at each individual frequency) and to ’decode’ the individual frequencies,

the Fourier transformation is performed. Increased speed and sensitivity of FTIR

spectroscopy make this technique very attractive for investigations of biological

samples.



Chapter 4

Characterization of the

Membrane-Bound Hydrogenase

from Desulfovibrio vulgaris Miyazaki

F

The hydrogenase ofDesulfovibrio sp. (EC 1.18.99.1) catalyzes the reversible

oxidoreduction of molecular hydrogen in conjunction with the specific electron

acceptor, cytochromec3 [89]. This enzyme has been suggested to have an abil-

ity to regulate the proton gradient between inside and outside of the periplasmic

membrane, which is probably involved in the system of energy metabolism of the

bacteria [90].

This work aims to investigate the electronic structure of the active site in the

[NiFe] hydrogenase fromD. vulgaris Miyazaki F in its various redox states. Both

the oxidized, inactive and reduced, active hydrogenase was investigated by mag-

netic resonance techniques. In this chapter, results of these studies performed on

the hydrogenase frozen solution as well as single crystals are presented.

27
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4.1 Hydrogenase

The membrane-bound hydrogenase from the sulfate-reducing bacteriumDesul-

fovibrio vulgaris Miyazaki F (IAM 12604) was isolated and purified in the re-

search group of Prof. Yoshiki Higuchi (Graduated School of Science, Kyoto,

Japan) according to the procedure described in [91]. The [NiFe] hydrogenase has

a heterodimeric structure and is composed of two subunits:α (28.8 kDa) andβ

(62.5 kDa), with a total molecular mass of 91 kDa [91], see Fig. 2.1. The protein

is homologous to the soluble hydrogenase fromDesulfovibrio gigas [92].

The X-ray structure of the hydrogenase fromD. vulgaris Miyazaki F has been

solved to 1.8Å resolution for the ’as isolated’, inactive enzyme [16] and at 1.4Å

for the reduced, active one [17]. The purified hydrogenase contains, apart from

the [NiFe] center, one [3Fe-4S] cluster and two [4Fe-4S] clusters. The spatial

cofactor arrangement (Fig. 2.2) and the corresponding redox potentials allow us

to assume that the iron-sulfur clusters participate in the electron transfer process.

4.2 Samples

4.2.1 Determination of the Specific Activity

The [NiFe] hydrogenase fromD. vulgaris showed a high specific activity with

artificial electron acceptors [91, 93, 94]. In this work, the catalytic activity of the

D. vulgaris hydrogenase with the reduced methyl viologen was determined spec-

trophotometrically (λ=604 nm) at pH 7.4. The sample (2.0 ml) was saturated with

hydrogen and contained 100 mM Tris�HCl (pH 7.0), 10µl protein sample, and 50

µl 0.4 mM methyl viologen. The specific activity was then calculated according

to the expression:

As =
∆E=min �D

ελ �n �C
; (4.1)



4.2 Samples 29

where∆E/min is absorption change, D – dilution factor,ελ – extinction coefficient

at the given wave length, C – protein concentration, and varied between 860 and

880 mol of H2 � s�1 per mol of hydrogenase depending on preparation. These

values are in good agreement with those obtained by Yagiet al [91] and Higuchi

et al [93].

4.2.2 Frozen Solution Experiments

The protein solution was buffered in 25 mM Tris�HCl (pH 7.4) with about 50 mM

NaCl and 0.05% NaN3. The samples used in experiments described below were

prepared as followed:

(i) ’As isolated’: hydrogenase solution as prepared (mixture of Ni-A and Ni-B

states) was used;

(ii) Ni-C (active state): ’as isolated’ sample was reductively activated under 100%

H2 at 37ÆC for 1.5 hours;

(iii) Ni-L state was obtained by illumination of the sample B with white light at

T<80 K. To obtain the original Ni-C state, the illuminated samples were incubated

in cold ethanol (160 K< T < 220 K) in the dark for 30 minutes.

(iv) Ni-B (’ready’ state): Incubation of the reduced enzyme (ii) under 100% Ar

for 10 minutes resulted in 95% Ni-B (5% Ni-A) sample.

For X-Band EPR and ENDOR experiments, samples of volume 150µl were

transferred to quartz EPR tubes (Wilmad 707SQ, 3 mm i.d., 4 mm o.d.) and

rapidly frozen in liquid nitrogen. For W-band experiments, sample volume was

1 µl, and quartz EPR tubes (Wilmad 0.56 mm i.d., 0.8 mm o.d) were used. The

concentration of the samples studied was between 840µM and 1.3 mM.
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4.2.3 Single Crystals

Single crystals of the hydrogenase were grown by Prof. Y. Higuchi and coworkers

(Graduate School of Science, Kyoto, Japan) using the sitting-drop vapor diffusion

method from 33% MPD (2-methyl-2,4-pentane-diol) and 25 mM Tris�HCl buffer

solution as described in [93]. The symmetry of the crystals corresponds to the

space group P212121. There are four magnetically inequivalent enzyme molecules

(sites) in the unit cell related to each other by rotation of 180Æ around the corre-

sponding crystal axes and an additional translational shift. Three different single

crystals were used for the measurements, with a volume of about 0.5 x 0.5 x 1

mm3.

For investigations of the Ni-A and Ni-B states, the single crystals ’as pre-

pared’ were used. For preparation of the active Ni-C state, single crystals were

placed into the mother liquor with addition of methyl viologen. Afterwards, the

crystals were incubated under a hydrogen atmosphere for several minutes until the

solution was colored blue which is characteristic for the reduced MV. For EPR ex-

periments, crystals were placed with a drop of mother liquor in thin-walled quartz

capillaries or in small sealed quartz containers [95] and transferred to quartz EPR

tubes (Wilmad 707SQ, 3 mm i.d., 4 mm o.d.). The crystals were rapidly frozen in

liquid nitrogen for low temperature experiments.

4.3 Magnetic Resonance Experiments and Data Anal-

ysis

4.3.1 Spectra Aquisition

Frozen solution X-band EPR experiments were performed with a Bruker ESP300E

spectrometer equipped with a Bruker TE102 cavity and Oxford helium cryostat
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ESR 910 (4–200 K). For W-band EPR measurements, a Bruker Elexsys 680 spec-

trometer was used. Simulation of the frozen solution EPR spectra was performed

using a simulation programeprsim by K.-O. Schäfer. For simulation of the EN-

DOR spectra, the program SPLEEN written by Ch. Geßner [95] was used. X-

Band ENDOR measurements were performed using a Bruker ESP301E spectrom-

eter.

EPR measurements on single crystals at room temperature were performed

with a Varian E-9 EPR spectrometer equipped with a Bruker TE102 cavity and a

Bruker VT2000 temperature control unit (120–300 K). For the low temperature

experiments, a Bruker ESP380E spectrometer equipped with a Bruker dielectric

ring cavity (ESP380-1052 DLQ-H) and an Oxford helium cryostat ESR 910 (4–

200 K) was used. EPR spectra of the single crystals were recorded at 280K, 80K,

and 10K. In field-swept echo measurements at 10 K, a 2 pulse (π
2;π) sequence was

used. Pulse lengths were 56 ns and 112 ns forπ
2 andπ pulses, respectively (see

Fig. 4.6). In all X-Band measurements, the magnetic field was calibrated with

a Bruker ER035 teslameter and the microwave frequency was measured with a

Hewlett-Packard 5352B frequency counter.

4.3.2 g-Tensor Analysis

In the case of transition metal complexes the resonance condition for EPR is writ-

ten ashν = g(ϑ ;φ)βB0; whereg is the effective anisotropicg-value, anglesϑ and

φ describe the orientation of the magnetic fieldB0 in a laboratory frame;β is the

Bohr magneton,ν designates the microwave frequency andh is Planck’s constant.

The anisotropy of theg-value can be described by the tensorG2 [82]. When sin-

gle crystals are investigated, the EPR signals show an angular dependence, and

the number of spectral lines for each arbitrary orientation of the crystal relative

to the magnetic field corresponds to the number of magnetically distinguishable
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paramagnetic species (sites) in the unit cell of the crystal (site splitting, [82]). For

the space group P212121, four different resonance lines, corresponding to the four

sites in the unit cell, will be present in the EPR spectrum for each paramagnetic

species. If the magnetic field lies in the plane spanned by two crystal axes, only a

two-fold splitting will be observed. For an orientation of the magnetic field along

one of the crystal axes, all resonance lines coincide.

In this work, an alignment of the single crystal in the symmetry plane was

not required for the EPR measurements. The necessary information can be ob-

tained by analysis of data collected in an arbitrary plane. Three different right-

handed, orthogonal reference frames associated with the crystal container (L),

crystals symmetry axes (C), andg-tensor principal axes (I) respectively, were de-

fined (see Fig. 4.1). The relative orientation of these frames can be described by a

rotation about three Euler angles. A detailed description of the algorithm used can

be found in [96]. Here, we aim to determine the direction cosines of theg-tensor

principal axes(xyz) with respect to the crystal symmetry axes(abc). These are

represented by columns of the matrix X relating the intrinsic frame I to the crystal

frame C. For the analysis of theg-tensor we define, according to [96], :

L = (klm) – the laboratory frame associated with the crystal container where the

orientation of the magnetic fieldB0 relative to theklm axes is defined by the an-

glesϑ andφ;

C = (abc) – the crystal frame, wherea, b, andc are the crystal symmetry axes;

I = (xyz) – the intrinsic frame, where the tensorsI G andI G
2

are diagonal andx,

y, andz are the tensor principal axes.

The relative orientation ofL andC frames can be obtained by X-ray structure

analysis; EPR measurements allow us to find out the relation betweenL and I .

The orientation of theI frame with respect toC can be elucidated from the com-

parison of theg-tensor axes, determined from the analysis of the EPR data, with
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Figure 4.1: Three right-handed reference frames defined for determination of the

g-tensor orientation in single crystals of [NiFe] hydrogenase fromD. vulgaris

Miyazaki F. L – the laboratory frame, C – the crystal frame, I – the intrinsic frame

(see text for details).

the molecular structure of the active site.

The transformation between two frames of reference can be described by rota-

tion about three Euler angles. IfX is the matrix that relates the intrinsic frame to

the crystal frame, i.e. describes the position of theg-tensor relative to the crystal

structure, its columns represent the direction cosines of theg-tensor axes(xyz)

with respect to the crystal axes(abc). Ri(i= 1;2;3) are the matrices of symmetry

transformation between the four sites given by the crystal space group P212121.

This transformation corresponds to 180Æ rotations around the crystal axesa, b,

and c, respectively. L describes the transformation between the crystal frame

(abc) and laboratory system(klm), andh(ϑ ;φ) is a unit vector along the direction

of B0, then theg-values of the four sites for this orientation can be calculated as
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gi(ϑ ;φ) = (h �L �Ri �X � IG
2
�X�1 �R�1

i �L�1 �h)
1
2 : (2)

After thegi(ϑ ;φ) data were collected for a sufficient number of field orienta-

tions from EPR spectra, a simultaneous fit for all four sites was performed using a

numerical fit routine based on a Simplex algorithm [97] that is in detail described

in [95, 96]. Thereby the three principalg-values and the six Euler angles defining

the relation between frames I and C, and C and L were obtained.

4.4 Oxidized State

4.4.1 Frozen Solution EPR

The enzyme preparations show a mixture of “ready” (Ni-B) and “unready” (Ni-A)

forms when isolated under aerobic conditions (see Fig. 4.2) [23–25]. Both forms

are EPR detectable. The main difference between them is the activation rate.

The Ni-B form can be activated in a few minutes by incubation in a hydrogen

atmosphere, whereas for activation of the Ni-A form a few hours are required.

Ni-A and Ni-B states cannot be directly converted into each other. The enzyme

has first to be activated and then reoxidized either anaerobically (to obtain Ni-B)

or aerobically (to obtain Ni-A) (Fig. 4.2).

Results

The EPR spectrum of the [NiFe] hydrogenase fromD. vulgaris Miyazaki F in

the ’as isolated’ state is shown in Fig. 4.3. Both Ni-A (�30%) (open circles)

and Ni-B (�70%) (filled circles) are present in the sample. Simulations of the

corresponding EPR spectra are shown in Fig. 4.3 b and c, respectively. Simulation

parameters are given in Table 4.1 together with theg-values determined for the Ni-
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Figure 4.2: Redox states of the [NiFe] hydrogenase fromD. vulgaris Miyazaki F.

Corresponding principal values of theg-tensor are given for paramagnetic Ni-A,

Ni-B, Ni-C, and Ni-L states.
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A and Ni-B states of the [NiFe] hydrogenase fromD. gigas [20] as well as Niu

(’unready’) and Nir (’ready’) states of the [NiFe] hydrogenase fromA. vinosum

[98]. Principal values of the Ni-A and Ni-Bg-tensors differ mostly in thegy

component, while thegx andgy values are similar (see Table 4.1).

Species State gx gy gz Ref.

D. vulgaris Miyazaki F Ni-A 2.315 2.236 2.010 This work

Ni-B 2.332 2.162 2.010 This work

D. gigas Ni-A 2.31 2.23 2.02 [20]

Ni-B 2.33 2.16 2.02 [20]

A. vinosum Niu 2.32 2.24 2.02 [98]

Nir 2.34 2.16 2.01 [98]

Table 4.1: Comparison of principal values of theg-tensor in ’as isolated’ state

of the [NiFe] hydrogenases fromD. vulgaris Miyazaki F, D. gigas [20] andA.

vinosum [98].

Discussion

Knowledge of theg-tensor principal values is essential for the analysis of the elec-

tronic structure of the [NiFe] center. These experimental observables are very sen-

sitive to the ligand arrangement and small structural changes in the vicinity of the

nickel [99]. For transition metal complexes, the anisotropy of theg-tensor results

from the metal–ligand orbital interactions and/or spin-orbit coupling effects (see

above in Methods section). The determination of theg-tensor magnitude and ori-

entation provides therefore information about the occupation of the metal center

orbitals and the oxidation state of the metal ion. In our case, thegz value is close

to the free electron valuege=2.0023 for both Ni-A and Ni-B, the other principal
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Figure 4.3: EPR spectra of the ’as isolated’ state of the [NiFe] hydrogenase from
D. vulgaris Miyazaki F.
a: Experimental spectrum. Filled circles: signals from Ni-B, open circles: Ni-A.
Experimental conditions: T=80 K, microwave frequency 9.443 GHz, microwave
power 2 mW, modulation amplitude 0.5 mT, modulation frequency 100 kHz.
b: Simulation for Ni-A.gx=2.331,gy=2.236,gz=2.010.
c: Simulation for Ni-B.gx=2.332,gy=2.162,gz=2.010.
d: Spectrum at T=30 K, microwave power 0.5 mW. Thegz component is hidden
under an intense signal aroundg=2.02 originating from the oxidized [3Fe-4S]+

cluster.
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valuesgx;gy > 2 (see Table 4.1). The coordination sphere around the Ni ion in the

active center of the [NiFe] hydrogenase can be described either as a distorted oc-

tahedron with an empty sixth coordination site or as a distorted square pyramide

(Fig. 2.3). This configuration together withg-tensor principal values argues for

a Ni(III) in a 3d1
z2 ground state for both species [100, 101] as also assumed previ-

ously [96]. For the low spin Ni(III)d7 square planar complex [NiS4C4(CN)4]�,

a 3d1
yz ground state was deduced [102] where thegz axis was perpendicular to

the molecular plane. Thegz value was smaller thange (gz=1.998) [102]. Since

gz is close toge in our hydrogenase, the 3d1
z2 configuration of the ground state

is therefore the most likely one. At low temperatures (T<80 K), thegz compo-

nent is hidden under an intense signal aroundg=2.02 (Fig. 4.3 d). This signal

originates from the oxidized [3Fe-4S] cluster (S=1=2) [58, 103] (see Fig. 4.4 a,b).

At X-band (microwave frequency�9 GHz), the corresponding EPR spectrum ap-

pears almost isotrope (Fig. 4.4 a) aroundg=2.02. EPR measurements at higher

frequencies (e.g. W-band,ν �94 GHz) allowed us to enhance the resolution of

theg-anisotropy significantly (Fig. 4.4 b) and to determine the principal values of

the g-tensor more accurately as compared with X-band:g1=2.0304,g2=2.0212,

g3=2.0147. These values are very similar to those of the [NiFe] hydrogenase from

D. gigas determined by C. Fanet al. [104]. The high-field shoulder of theg1 com-

ponent withg=2.027 marked with an asterisk is assigned to the so-called second

form of the [3Fe-4S] cluster also observed inD. gigas hydrogenase [104].
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Figure 4.4: EPR spectra of the oxidized [3Fe-4S] cluster in the [NiFe] hydroge-

nase fromD. vulgaris. Experimental conditions: T=20 K, microwave power 0.1

mW. a) microwave frequency 9 GHz; b) microwave frequency 94 GHz. Note a

different field scales in a) and b).

4.4.2 Single Crystal EPR Studies of the Oxidized Active Site of

[NiFe] Hydrogenase fromDesulfovibrio vulgaris Miyazaki

F

Single crystal investigations make it possible to determine both the principal val-

ues of theg-tensor and the directions of its principal axes relative to the crystal
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structure. This yields, in addition to the electronic structure,spatial information

about the catalytic center of the hydrogenase . This information cannot be ob-

tained from X-ray structure analysis alone.

The first EPR study of single crystals of [NiFe] hydrogenase fromD. vulgaris

Miyazaki F at room temperature has been reported by Geßneret al. [96]. In this

work, this study is extended to a wider temperature range. Both cw and pulsed

EPR methods were applied. The availability of the highly resolved crystal struc-

ture of theD. vulgaris hydrogenase [16] allowed us for the first time to determine

and to analyze the orientation of theg-tensor axes relative to the molecular struc-

ture of the active site for both Ni-A and Ni-B forms.

EPR Measurements

In [96], theg-tensor values and principal axes were determined by EPR at room

temperature. In order to investigate whether the freezing of the crystals and tem-

perature variations have any influence on the magnitudes and orientations of the

g-tensor principal values and axes, EPR measurements at different temperatures

were carried out. The experiments at 280 K, 80 K and at 10 K have been per-

formed bycontinous wave EPR (Fig. 4.5 b, T=80 K). Data for T=280 K are

represented in [96], data for T=10 K are not shown. At low temperatures, the

signal-to-noise ratio was significantly enhanced as compared with the room tem-

perature measurements. The line positions in the spectra could be determined

more accurately and the error of theg-tensor orientation was therefore reduced.

At 10 K, a strong additional EPR signal aroundg = 2:02 was observed and

assigned to the [3Fe-4S]+ cluster [58] which shows only a small shift due tog

anisotropy at X-Band. This signal complicates the collection of Ni data with

g< 2:026. For the measurements at 10 K pulsed EPR (field-swept echo EPR) has

also been applied (Fig. 4.6). This allowed a suppression of the [3Fe-4S] signals
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Figure 4.5: Angular dependence of the EPR spectrum in single crystals of the
[NiFe] hydrogenase fromDesulfovibrio vulgaris Miyazaki F measured by cw EPR
at X-band showing signals from both Ni-A and Ni-B. Top: Example of site selec-
tion in cw EPR spectra of oxidized [NiFe] hydrogenase. Shown is the spectrum
corresponding toφ= 60Æ of Fig. 4.5 b. Eight lines were resolved corresponding
to four sites of Ni-A (open circles) and four sites of Ni-B (filled circles). Exper-
imental conditions:T = 80K, microwave power 0.4 mW, microwave frequency
9.728 GHz, field modulation 100 kHz, modulation amplitude 0.5 mT, accumula-
tion time 332 s for each spectrum. Bottom: Rotation in an arbitrary plane of the
single crystal by an angleφ. The additional lines with low intensities observed on
the high-field side between 70Æ and 120Æ and on the low-field side between 0Æ and
30Æ and 160Æ and 180Æ are attributed to small crystallites that are also present in
the crystal container.
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due to the different relaxation rates of the nickel and the iron-sulfur centers. Pulsed

EPR experiments were also a prerequisite for the application of pulsed ENDOR

spectroscopy [105].

EPR spectra of all investigated crystals showed a distinct angular dependence on

field position in agreement with the space group of the crystals (Figs. 4.5 and 4.6).

A maximum of four lines is expected for each paramagnetic species (space group

P212121). Since both Ni-A (�30%) and Ni-B (�70 %) are present in the crys-

tal as was shown by EPR measurements performed on dissolved crystals [96], a

maximum of 8 lines is expected. Two sets of EPR signals with different intensities

were distinguished. These were assigned to Ni-A and Ni-B based on comparison

of g-tensor principal values with those known from measurements on hydrogenase

frozen solution (see previous section). The main constituent of the single crystals

is Ni-B (� 70 %).

The analysis of the data sets obtained for all three temperatures was performed

using the fit program described in [95, 96]. In the first step the EPR line positions

of the more intense signals (supposed to be Ni-B, see Fig. 4.5) were read directly

from the spectra. The crystal orientation (φ= 60Æ) for which all sites for Ni-A

and Ni-B are resolved, is additionally shown in Fig. 4.5 a. The Ni-A and Ni-B

lines are marked as open and filled circles, respectively. The additional lines in the

spectrum were due to small crystallites present in the sample. They did not affect

the described analysis. From the spectra theg(φ) values were collected. Then

the angular dependence ofg2 was fitted using the procedure described in [95, 96].

(see Fig. 4.7 top). The fitting procedure yielded the principal values and direction

cosines of theg-tensor axes relative to the crystal frame (Table 4.2).
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Figure 4.6: Angular dependence of the pulsed EPR (field swept echo) spectrum of
single crystals of the [NiFe] hydrogenase fromDesulfovibrio vulgaris Miyazaki
F. The rotation is in an arbitrary crystal plane by an angleφ. Experimental condi-
tions: T=10 K, microwave frequency 9.728 GHz; attenuation 6 dB; pulse lenghts
are 56 ns and 112 ns for theπ2 andπpulse, respectively; accumulation time about
300 s for each spectrum. Top: microwave 2-pulse sequence.
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Figure 4.7: Angular dependence of theg2 values in single crystals of the [NiFe]
hydrogenase fromDesulfovibrio vulgaris Miyazaki F at T=80K evaluated from
Fig. 4.5. The fit procedure [96] was performed for both Ni-B (top) and Ni-A
(bottom). Large circles: experimental values used for the respective fit, small
circles: experimental data attributed to the other Ni-state, not used for the fit. The
four fit curves correspond to the four sites in the unit cell of the single crystal
and are labeled I to IV. Assignment to Ni-A and Ni-B was done according to the
difference in thegy value (as obtained from EPR in frozen solution [96] and this
work).
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x y z
Ni-A : T=280K gi 2.315 2.236 2.010

`ai 0.499 0.733 0.463
`bi �0.624 �0.069 0.779
`ci 0.602 �0.677 0.422

T=80K gi 2.316 2.233 2.012

`ai 0.456 0.685 0.568
`bi �0.679 �0.145 0.720
`ci 0.575 �0.714 0.399

T=10K gi 2.317 2.229 2.014

`ai 0.460 0.675 0.576
`bi �0.672 �0.160 0.723
`ci 0.581 �0.720 0.380

Ni-B: T=280K gi 2.333 2.161 2.010

`ai 0.407 0.614 0.677
`bi �0.725 �0.233 0.648
`ci 0.555 �0.754 0.350

T=80K gi 2.332 2.161 2.011

`ai 0.412 0.546 0.729
`bi �0.752 �0.248 0.611
`ci 0.514 �0.800 0.308

T=10K gi 2.333 2.163 2.010

`ai 0.431 0.550 0.715
`bi �0.741 �0.236 0.628
`ci 0.514 �0.801 0.306

Table 4.2: Principal values and axes directions of theg-tensor of Ni-A and Ni-B
in single crystals of the hydrogenase fromDesulfovibrio vulgaris Miyazaki F.gi:
g-tensor principal values(i = x;y;z) as obtained from the fit procedure (error�
0.001).
The g-tensor principal values obtained from EPR spectra of frozen hydrogenase
solutions (gx=gy=gz) at T=80 K are [58, 96]: Ni-A: 2.315/2.236/2.010; Ni-B:
2.332/2.162/2.010.̀ki: Direction cosines ofg-tensor principal axes(i = x;y;z) in
the crystal axes system(k = a;b;c) for one of the four magnetically inequivalent
sites. Directions for the other three sites are obtained by appropriate permutation
of signs, corresponding to 180Æ rotations about the three crystal axesa, b, andc.
From the experimental error of the angular-dependentg-values the error in theg-
tensor orientation is estimated as approximately 2Æ (4Æ) for the room temperature
and about 1Æ (2Æ) for the low temperature measurements of Ni-B (Ni-A) states,
respectively.
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In the second step the analysis of the less intensive EPR lines was performed

in an analogous way. It likewise yielded an angular dependence ofg2 consistent

with the crystal space group (Fig. 4.7 bottom). Different principal values and

direction cosines of theg-tensor axes relative to the crystal frame were obtained

(see Table 4.2). These were assigned to Ni-A.

The fit procedure yielded fourg-tensors for each temperature. Each of them

belongs to one of the four magnetically inequivalent sites in the crystal unit cell.

Direction cosines of theg-tensor in the crystal frame are given in Table 4.2 for

only one site. The values for the three other sites can be obtained by permutation

of signs corresponding to the rotation about one of the three crystal axesa;b; or c

(the signs of two direction cosines will thereby change).

The principalg-values determined from the analysis of single crystal EPR data

are identical within error to those measured for Ni-A and Ni-B in hydrogenase

frozen solutions [58, 96] and dissolved crystals [96]. The Ni-A/Ni-B ratio was

estimated from line intensities in EPR spectra of the single crystals to be 30/70

(�10%) in agreement with previous results of frozen solution measurements.

The g-tensor values are, in general, sensitive to small structural changes. As

shown in Table 4.2, there is no significant difference (within error, see footnote of

Table 4.2) between the principal values and direction cosines of theg-tensor for

the frozen single crystals at 10 K and 80 K and for single crystals measured near

room temperature (280 K). Thus, the freezing of the crystals and the lowering of

the temperature do not cause any significant change in the structure of the active

site in the hydrogenase.

The position of theg-tensors relative to the atomic structure of the active site

known from X-ray structure analysis cannot be obtained from EPR measurements

alone. Although the orientation of the crystal axes relative to the laboratory frame

can be determined by the fit procedure described above, it isa priori unknown
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which of the crystal axes isa, b, or c. This information is necessary for an as-

signment of the determinedg-tensor to the atomic structure of the active site. To

obtain this information, X-ray scattering experiments were performed in the re-

search group of Prof. Dr. W. Saenger by Dr. N. Krauß (Freie Universit¨at Berlin,

Germany) on one of the single crystals investigated by EPR. The obtained dimen-

sions of the unit cell were in very good agreement with data published in [93].

The orientation of the crystal axes previously determined by EPR spectroscopy

could therefore be safely assigned. In a next step, the obtained orientation was

compared with the crystal structure [16] as discussed in the next section.

Comparison of the Obtainedg-Tensor axes with the Atomic Structure of the

Active Site

There is a close correlation between the spatial structure of the catalytic center

and the directions of theg-tensor principal axes. The orientation of the axes is

determined by interactions of the unpaired electron of the metal site with the lig-

ands as discussed in [101]. The analysis of theg-tensor yields in our case four

possibleg-tensor orientations corresponding to the four sites in the unit cell. The

assignment of the obtainedg-tensors to a specific site is performed by comparison

of theg-tensor orientation in the crystal axes system with the recently published

crystal structure of the active site at 1.8Å resolution [16].

The Ni atom has been recognized as the center of spin density in the active

site of the hydorgenase. This has been shown by the analysis of EPR spectra of

61Ni substituted hydrogenase [19, 28, 106]. ENDOR measurements on an57Fe

substituted sample (hydrogenase fromD. gigas [51]) indicated only a vanishingly

small spin densitiy at the Fe. It was concluded that the iron ion is in a low-spin

Fe(II) (S=0) state and that no significant delocalization of the spin from the Ni

to the Fe takes place. These data lead to the conclusion that the Ni can safely
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be assumed to be the atom bearing the major part of the spin density in the “as

isolated” forms (Ni-A and Ni-B) of the hydrogenase. Therefore, theg-tensor

symmetry (electronic structure of the active site) should reflect the coordination

environment of this metal atom.

As already proposed above, adz2 configuration of the ground state deduced

from principal values of theg-tensor and ligand arrangement of the NiFe center

is the most likely one in our case. Under the given ligand field and a 3d1
z2 ground

state, thegz axis will most probably be along the line connecting the Ni central

atom and the sulfur atom on the top of the pyramide, opposite the empty coordi-

nation site [100]. Considering the geometry of the active center (see Fig. 2.3) the

sulfur atom of Cys549 is the only candidate for this alignment. We therefore had

to find out which of the fourg-tensors fullfills this condition.

To quantify the relation between theg-tensor principal axes and crystal sym-

metry axes, the coordinates of the vectors along the directions of Ni–S bonds for

the four cysteine ligands of the Ni, Cys81, Cys84, Cys546, and Cys5491, have

been calculated (see Fig. 2.3). The angles between these vectors and theg-tensor

eigenvectors are given for all four sites in both Ni-A and Ni-B states in Tables 4.3

and 4.4.

The X-ray structural data [16] correspond to those of Ni-B (see above). The

orientation of theg-tensor frame relative to the molecular structure of the active

site has therefore been first analyzed for Ni-B. As can be seen from Table 4.3,

only for Site I thegz axis is along the Ni–S(Cys549) direction (deviation 11Æ at

T=280 K). The deviation for thegx axis from the Ni–S(Cys84) and Ni–S(Cys546)

direction is in this case 24Æ and 17Æ, respectively. Thegy axis lies close to the Ni–

S(Cys81) direction (deviation 30Æ). The angle betweengz and Ni–S(Cys549) is

1Numbering of residues corresponds to the X-ray structural data ofD. vulgaris Miyazaki F

published in [16].
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78Æ, 86Æ, and 46Æ for Sites II, III, and IV, respectively. They are therefore unlikely.

Site Direction gx gy gz gx gy gz gx gy gz

T=280 K T=80 K T=10 K

Ni–S(Cys81) 75,30, 64 71,32, 64 72,31, 64

I Ni–S(Cys84) 24, 73, 72 30, 71, 67 29, 72, 67

Ni–S(Cys546) 17, 88, 73 21, 86, 69 21, 87, 68

Ni–S(Cys549) 80, 84,11 76, 83,16 75, 84,16

II Ni–S(Cys549) 67, 26, 78 71, 24, 75 70, 25, 75

III Ni–S(Cys549) 22, 68, 86 25, 65, 90 24, 67, 90

IV Ni–S(Cys549) 69, 51, 46 70, 52, 45 71, 52, 45

Table 4.3: Angles between directions of the Ni–S bonds from the X-ray crys-
tal structure [16] and theg-tensor axes (gx;gy;gz) of the Ni-B form for the four
different sites in the single crystals of the [NiFe] hydrogenase fromD.vulgaris
Miyazaki F. Directions of Ni-S(Cys) bonds have been calculated from X-ray crys-
tallographic data [16]. The bold numbers emphasize the best agreement between
the g-tensor axes and directions of the Ni-S(Cys) bonds. Error on theg-tensor
orientation� 2Æ (280 K) and� 1Æ (80 K, 10 K).

Thus, the followingg-tensor axes assignment is obtained for Ni-B: (i) thegz axis

lies almost parallel to the direction of the Ni ion and the sulfur atom of the Cys549

and points to the open coordination position of nickel, (ii) thegy axis is close to the

direction of the Ni and S(Cys81), (iii) thegx axis lies close to the line connecting

S(Cys84) and S(Cys546). This is shown in Figure 4.8.

The orientation of theg-tensor relative to the structure of the active site was

determined for Ni-A in an analogous way as for Ni-B. It was assumed that the

atomic structure of Ni-A is very similar to that of Ni-B. Significant structural

differences between them would lead to higher temperature factors of the atoms
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Figure 4.8: Stereo views for two different perspectives of the orientation of theg-

tensor of Ni-B in the crystal frame. The upper view corresponds to the viewpoint

of Fig. 1. For labelling of atoms and residues see Fig. 1. The orientation of the

g-tensor of Ni-A is not significantly different from that for Ni-B (see Tables 4.3

and 4.4) and is therefore not shown.

in the X-ray structure of the active site. The currently achieved resolution (1.8

Å) therefore allows us to assume a high similarity of the atomic structures of Ni-

A and Ni-B. Theg-tensor of Ni-A deviates less from axiality. Ni-A is also the

minor constituent of the hydrogenase in our case. Considering this, the error in
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the orientation of thegx andgy axes is larger in case of Ni-A.

Similar to Ni-B, there is only one possible orientation of theg-tensor where

the gz axis is almost parallel to the Ni–S(Cys549) direction (Site I in Table 4.4)

and points to the open coordination site of the Ni (Fig. 4.8). The angle betweengz

and Ni–S(Cys549) is in this case only 7Æ (T=280 K). Thegx andgy axes are along

Ni–S(Cys546) (deviation 16Æ) and Ni–S(Cys81) (deviation 27Æ), respectively. The

obtainedg-tensor frame of Ni-A has therefore almost the same orientation as for

Ni-B (Site I, Table 4.4).

Site Direction gx gy gz gx gy gz gx gy gz

T=280 K T=80 K T=10 K

Ni–S(Cys81) 90,27, 63 83,28, 63 83,28, 64

I Ni–S(Cys84) 13, 86, 78 18, 80, 75 19, 79, 75

Ni–S(Cys546) 16, 79, 79 15, 85, 77 15, 86, 76

Ni–S(Cys549) 85, 86,7 82, 85,9 82, 86,9

II Ni–S(Cys549) 53, 38, 80 60, 33, 79 61, 32, 79

III Ni–S(Cys549) 13, 81, 80 16, 75, 82 17, 75, 83

IV Ni–S(Cys549) 74, 46, 49 71, 48, 48 71, 49, 47

Table 4.4: Angles between directions of the Ni–S bonds from the X-ray crys-
tal structure [16] and theg-tensor axes (gx;gy;gz) of the Ni-A form for the four
different sites in the single crystals of the [NiFe] hydrogenase fromD.vulgaris
Miyazaki F. Directions of Ni-S(Cys) bonds have been calculated from X-ray crys-
tallographic data [16]. The bold numbers emphasize the best agreement between
the g-tensor axes and directions of the Ni-S(Cys) bonds. Error of theg-tensor
orientation� 4Æ (280 K) and� 2Æ (80 K, 10 K).

This assignment also corresponds to a minimal change of the axes orientation

between Ni-A and Ni-B (1Æ, 3Æ, and 4Æ for the gx, gy, andgz axes, respectively)
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(cf. Tables 4.3 and 4.4). Thus, we favor the assignment to Site I in Table 4.4. This

assumption is supported by the following arguments: (i) two of three principal

values of theg-tensors (gx andgz) are almost identical for both Ni-A and Ni-B. A

dramatic change in the spatial structure of the Ni center is therefore unlikely. (ii)

The EXAFS data show only slight structural differences between the two states

[56].

Mulliken atomic spin densities obtained from DFT calculations (BLYP / DZVP)

on a hydrogenase model cluster (see [76, 77]) are in good agreement with those

determined from EPR and ENDOR measurements [19, 51, 52, 56]:ρNi � 0:52,

ρFe � �0:002, ρS(Cys549) � 0:34. The main part of the spin density (� 0:86) is

therefore localized along the Ni–S(Cys549) bond. This is in agreement with the

assumed 3d1
z2 ground state as well as with the assignment of thegz principal axis

along this bond.

The EPR experiments on the Ni-B state of the33S labeled hydrogenase [52]

also showed the delocalization of the spin density onto only one of the sulfur

atoms in the vicinity of the Ni. This supports the assumption that thedz2 orbital,

which is oriented along the Ni–S(Cys) bond and the open coordination site of the

nickel, carries the unpaired electron.

Comparison of Ni-A and Ni-B Forms

In agreement with previous results described in this work and [96], the main differ-

ence between the principal values of theg-tensor of Ni-A and Ni-B is found for the

gy value (2.236 and 2.162, respectively). Thegx values differ only slightly (2.315

and 2.332 for Ni-A and Ni-B, respectively). Thegz value remains unchanged be-

tween Ni-A and Ni-B within error. However, only a tentative assignment of the

g-tensor to a specific site in the unit cell was performed in [96] since no refined X-

ray structure was available at that time. In this work it was shown that theg-tensor
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principal axes have almost the same orientation for both states (see Tables 4.3 and

4.4). Thus, only a small structural difference can be assumed between Ni-A and

Ni-B, which could be located in the plane spanned by thegx andgy axes.

EPR measurements performed on single crystals of the hydrogenase fromD.

gigas showed that only Ni-A is present in this preparation [50] whereas inD. vul-

garis Miyazaki F the Ni-B form is the predominant species [96]. The obtained

crystal structures from both enzymes are, however, very similar. A possible struc-

tural difference between the two forms Ni-A and Ni-B which would not be de-

tectable by the X-ray structural analysis at the currently achieved resolutions (2.2

Å for D. gigas [15] and 1.8Å for D. vulgaris [16]) could lie either in a protonation

of one of the Ni ligands or in a slight conformational change of one of the amino

acid residues. If we assume the bridging ligand to be a SH� or a S2� species for

Ni-B and Ni-A, respectively, the Ni atom should become more negatively charged

in Ni-A. The larger negative charge on the Ni would lead to a weakening of the Ni–

S(Cys) bonds due to metal–ligand charge transfer. This, in consequence, would

yield higherdxz anddyz orbital energies of the Ni [101] as already proposed in

[96] and result in a shift of the principal values of theg-tensor.

ENDOR measurements allow the determination of the proton positions in the

vicinity of the active site. The possible protonation of the bridging ligand in the

Ni-B (“ready”) state of the hydrogenase fromChromatium vinosum has been dis-

cussed in [107] based on orientation-selected ENDOR studies performed on hy-

drogenase frozen solutions. ENDOR studies of the hydrogenase single crystals

were recently reported in [105] with the aim to confirm the assumption of a pro-

tonated bridge in the Ni-B state.



54 4 NiFe Hydrogenase fromD. vulgaris Miyazaki F

4.4.3 ENDOR of the Ni-B State in Frozen Solution

For the understanding of the catalytic mechanism of the hydrogenase, knowledge

about the binding site of the substrate hydrogen as well as about protons local-

ized in the vicinity of the active center is essential. Due to the large line widths

in the EPR spectra of the [NiFe] hydrogenase (typically 1-2 mT), the hyperfine

interactions between the electron spin and protons remain unresolved, and this

information is therefore inaccessable from EPR measurements alone. Also X-

ray structural data available for the [NiFe] hydrogenase at high resolution (1.4

Å) [17] do not solve this problem - the electron densities carrying by hydrogen

atoms are too small to be detectable in this kind of experiments. The ENDOR

technique (see Section 3.2.3) allows to enhance the spectral resolution and yields

the required information about electron-nuclear interactions in the sample. From

hyperfine coupling parameters obtained from an analysis of the ENDOR spectra,

valuable structural data about the proton environment in the active center of the

[NiFe] hydrogenase can be aquired. Orientation-selected ENDOR offers an op-

portunity to determine also the orientation of the proton hyperfine tensors relative

to the g-tensor [108]. In this method, ENDOR spectra are collected at several

field positions of the EPR envelope. Hyperfine couplings of the sample can there-

fore be followed over the complete EPR absorption range. At each position, only

molecules with a specific orientation of their axes relative to the magnetic field

contribute to the spectrum. The spectra recorded at the absorption ’edges’ of the

EPR spectrum are similar to those obtained from single crystals. In these cases,

the orientation of the molecular axes is well defined and is along thegx andgz

axes, respectively. Recent ENDOR studies of the ’ready’ state of the [NiFe] hy-

drogenases fromC. vinosum [107] yielded complete hyperfine tensors of three

protons in the vicinity of the NiFe center.

The aim of the experiments presented in the following was to investigate the
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proton environment in the ’as isolated’ state of the [NiFe] hydrogenase fromD.

vulgaris by ENDOR measurements on the protein frozen solution and to compare

these data with those for other hydrogenases as well as with results of pulsed

ENDOR measurements on the hydrogenase single crystals recently described in

[105].

Results

In an ’as isolated’ sample of theD. vulgaris hydrogenase, both Ni-A and Ni-B

states are present (see above). Both forms have an almost identical absorption

range in the EPR spectrum (see Fig. 4.3). Due to this overlap, it is very difficult to

assign the corresponding hyperfine couplings obtained from the ENDOR spectra

if the measurements were performed on samples containing a mixture of Ni-A

and Ni-B. Therefore, samples prepared in ’pure’ redox states are required. For the

Ni-B state, such a sample was prepared as described above (see Section Samples).

Corresponding EPR spectra are shown in Fig. 4.9 a, b. At T=70 K, all three

components of theg-tensor are resolved (Fig. 4.9 a). Although, due to relaxation

effects, saturation of the sample required for ENDOR cannot be achieved at this

temperature and no ENDOR effect is observed. At lower temperatures, nickel

signals can be more easily saturated. Under these conditions, also an intense

signal from the oxidized [3Fe-4S]+ cluster aroundg=2.02 is present in spectrum

(Fig. 4.9 b, cf. Fig. 4.4). We have therefore to consider a contribution of the

[3Fe-4S] cluster in this region. The minor contribution of the Ni-A state (5%) can

be neglected in the ENDOR spectrum.

Orientation-selected ENDOR spectra recorded at field positions correspond-

ing to the principal values of theg-tensor are shown in Fig. 4.10. These spectra

exhibit a remarkable similarity to those observed for the hydrogenase fromC. vi-

nosum [107]. In the ENDOR spectrum recorded atg=2.332, two lines are well
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Figure 4.9: EPR spectra of the Ni-B (’ready’) state of the [NiFe] hydrogenase

from D. vulgaris Miyazaki F. Experimental conditions: microwave frequency

9.6566 GHz, microwave power 0.5 mW, modulation amplitude 5 G, modulation

frequency 100 kHz. a) T=70 K; b) T=20 K. Field positions for ENDOR spectra

are marked by triangles.

resolved in the high-frequency part withν� νH �6.5–5.5 MHz. Atg=2.162 and

g=2.016, these lines overlap. Hyperfine coupling parameters (aiso and Adip) were

derived from experimental spectra for these two protons called H1 and H2. First,

the Ak and the A? values (the largest and the smallest coupling, respectively) were
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determined. For a point-dipole approximation, aiso and Adip can be obtained as:

aiso =
Ak+2A?

3
(4.2)

Adip =
Ak�A?

3
: (4.3)

For H1, aH1
iso =12.7 MHz, AH1

dip=1.5 MHz, for H2, aH2
iso =11.2 MHz, AH2

dip=0.55 MHz.

The experimental ENDOR spectra were simulated using the program SPLEEN

by Ch. Geßner [95] (Fig. 4.10, dashed lines). Simulation parameters are given in

Table 4.5 (see below in Discussion). As can be noted from the Figure 4.10, there

are at least two more spectral lines withν�νH � 1.1–1.8 MHz. Further ENDOR

measurements at the field positions between principalg-values would allow to

assign these lines to the protons in the vicinity of the nickel center.

Discussion

Both H1 and H2 have large isotropic couplings whereas the dipolar couplings

are rather small (see Table 4.5). These data are in very good agreement with

those obtained from ENDOR measurements on hydrogenase single crystals [105]

and similar to those fromC. vinosum hydrogenase [107] (cf. in Table 4.5). The

effective distancesre f f between the NiFe center and protons can be derived from

Adip in a point-dipole approximation according to the equation:

r3
e f f

1Å
=

79MHz �ρ
Adip

; (4.4)

whereρ is spin density on the nickel atom. From DFT calculations on the hy-

drogenase model cluster [76, 77] is known that the nickel atom carries the main

part of the overall spin density. Comparing the obtained parameters for H1 and

H2 with those known from single crystal measurements, we can assign the corre-

sponding hyperfine couplings to arise fromβ-CH2 protons of the bridging cysteine

Cys549. The large isotropic coupling can be explained by delocalization of the
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Figure 4.10: ENDOR spectra of the Ni-B state in the [NiFe] hydrogenase fromD.

vulgaris Miyazaki F. Experimental conditions: T=15 K, microwave power 5mW.

Shown are spectra recorded atg-values corresponding to theg-tensor principal

axes (for the field positions in EPR spectra see Fig. 4.9). Solid lines: experimental

spectra. Dashed lines: simulation. For simulation parameters, see Table 4.5.

unpaired spin density into thepz-orbital of the sulfur. DFT calculations on the hy-

drogenase model cluster [76] showed that the largest fraction of the spin density

(ρ�0.88) is localized along the Ni–S(Cys549) bond. To prove the consistency be-

tween data obtained independently on the hydrogenase frozen solution and single
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Hydrogenase Proton aiso, MHz Adip, MHz re f f , Å Ref.

D. vulgaris H1 12.74 1.53 3.72 This work

(Frozen solution) H2 11.13 0.53 3.10 This work

D. vulgaris H1 12.85 1.71 3.44 [105]

(Single crystals) H2 10.67 0.54 3.2 [105]

C. vinosum H1 12.6 2.1 3.4 [95, 107]

(Frozen solution) H2 12.5 1.4 3.8 [95, 107]

Table 4.5: Comparison of1H coupling parameters for the Ni-B (Nir) state for

[NiFe] hydrogenases fromD. vulgaris Miyazaki F andC. vinosum obtained from

simulation of ENDOR spectra of hydrogenase frozen solution and single crystals.

crystals, the ’powder’ ENDOR spectra were simulated using theg-tensor orien-

tation obtained from EPR measurements described above and hyperfine tensors

obtained from single crystal experiments. The simulated spectra are shown by

dashed curves in the Fig. 4.10. As can be seen, there is a good agreement between

both sets of parameters considering the line positions in the spectra. However,

the lines in the high-field part of the experimental spectra are more intense than

those in the low-field part. This phenomenon is often observed in solid state and

frozen solution ENDOR spectra and caused by relaxation processes. Therefore,

the results described above are consistent with the assignment of the H1 and H2

couplings obtained in [105]. Detailed analysis of the single crystal measurements

will allow the accurate determination of the proton hyperfine tensors in the vicin-

ity of the nickel center. This work is in progress in our laboratory (manuscript in

preparation).
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4.5 Reduced State

Upon reduction of the [NiFe] hydrogenases, the characteristic signal Ni-C associ-

ated with a catalytic intermediate [6, 8, 38] appears in the EPR spectrum (see Fig.

4.2). This signal corresponds to an active form of the enzyme. EPR investiga-

tions of the reduced state yield, therefore, important information about possible

changes in the electronic structure of the active site during the activation process.

In order to gain this information for the [NiFe] hydrogenase fromD. vulgaris, the

Ni-C state in this enzyme was for the first time obtained using only the native

substrate hydrogen for reduction. The results of the EPR studies performed on the

hydrogenase frozen solution and single crystals are compared with those for the

’as isolated’ hydrogenase (see previous section).

4.5.1 Frozen Solution EPR

Ni-C State

The [NiFe] hydrogenase fromD. vulgaris can be rapidly activated by incubation

of the enzyme solution under 100% H2 at 37ÆC for 1.5 hours. After treatment of

the ’as isolated’ enzyme solution as described above (Section Samples) an EPR

spectrum characteristic for a reduced, active enzyme was obtained (Fig. 4.11). At

T=50 K (Fig. 4.11 a), the EPR spectrum resembles the one of the Nia-C state of

the [NiFe] hydrogenase from other ’standard’ hydrogenases, e.g.C. vinosum [6].

The principal values of theg-tensor obtained from the simulated spectrum (Fig.

4.11 b) correspond well to those determined for the enzyme reduced by dithionite

[58] and other [NiFe] hydrogenases (Table 4.6). It is noticeable that theg3 (gz)-

value remains unchanged between the inactive, oxidized and active, reduced states

of the hydrogenase (cf. Tables 4.1 and 4.6).

The X-ray structure analysis of the reduced hydrogenase showed disappearence
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Species State g1 g2 g3 Ref.

D. vulgaris Miyazaki F Ni-C 2.196 2.146 2.010 This work

Ni-L 2.296 2.116 2.046 This work

D. gigas Ni-C 2.19 2.14 2.02 [22, 24]

Ni-L 2.29 2.11 2.04 [22, 24]

A. vinosum Nia-C� 2.19 2.16 2.02 [98]

Nia-L� 2.29 2.13 2.05 [98]

Table 4.6: Principal values of theg-tensor in Ni-C and Ni-L states of the reduced,

active [NiFe] hydrogenases fromD. vulgaris Miyazaki F,D. gigas [22, 24], and

A. vinosum [98].

of the bridging species as compared with the oxidized hydrogenase [17]. ENDOR

measurements performed on the hydrogenase fromA. eutrophus prepared with

H/D exchanged buffer [95] indicated presence of a hydrogen species bound in the

vicinity of the nickel. However, this cannot be detected in the X-ray experiments.

The hydrogen species is suggested to occupy the bridging position between nickel

and iron atoms [6, 8]. Consequently, the nickel can be assumed to be five-fold co-

ordinated both in the oxidized and reduced states of the enzyme. Based on this

assumption and considering that thegz value is close to thege, thed1
z2 ground state

is proposed to remain also for the reduced state of the hydrogenase.

Spin-Spin Coupling to the Proximal Fe-S Cluster

Lowering of the temperature to 20 K leads to broadening of the nickel EPR lines

(Fig. 4.11 c). Further decrease of the temperature results in drastic changes of the

EPR spectrum (Fig. 4.11 d, T=10 K) and a two-fold splitting of the spectral lines

(Fig. 4.11 e, T=1.8 K). Also, the relaxation behavior of the lines changes. For
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a microwave power of 64 mW and at T=1.8 K no saturation is observed. This is

indicative for an increased relaxation rate due to spin-spin coupling of the active

[NiFe] center with a neighboring fast relaxing paramagnetic species [7]. At the

experimental conditions, the reduced proximal [4Fe-4S] cluster is paramagnetic

(S=1/2) and interacts with the S=1/2 system of the [NiFe] center. The [4Fe-4S]

cluster in the [NiFe] hydrogenase exhibits unusually broad EPR signals below

g=1.95 (see Fig. 4.11 e). This phenomenon is probably due to spin-spin coupling

of the proximal Fe-S center with the S=2 system of the reduced [3Fe-4S] cluster

as well as with the reduced distal [4Fe-4S] cluster. This coupling prevents de-

termination of the principalg-values of the proximal cluster. Guigliarelli et al.

[88, 109] performed detailed studies of the spin-spin coupling between the NiFe

center and the reduced [4Fe-4S]1+ cluster in the [NiFe] hydrogenase fromD. gi-

gas and observed effects very similar to those described here. The spin Hamilto-

nian describing the magnetic interactions between two paramagnetic point dipoles

A and B with spinsSA = SB = 1=2 can be written as described in Section 3.2.1

Methods (equations 3.13 and 3.14). First, we consider the effect of the exchange

interaction. For a given orientation of the magnetic field B0, the exchange inter-

actions between two anisotropic paramagnets can give rise to two limit situations

[88]: (i) When j2Jj<< j∆gβBj, where∆g is the difference between the effective

g-values of the two centers, the first-order effect of the exchange interaction splits

the line given by each center into two components of equal amplitudes separated

by J=gβ in field units. (ii) Whenj2Jj � j∆gβBj, second-order effects have to be

taken into account, so that the central lines of the splitting pattern collapse on their

mean position, and the amplitude of the outer lines decreases. As can be seen from

the spectrum representing the split Ni-C signal (Fig. 4.11 e), the low-field part of

the spectrum (2:196< g < 2:12) arises from the first-order effect of the exchange

interaction, whereas the form of the high-field part (2:12< g< 2:01) is caused by
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Figure 4.11: EPR spectra of the reduced, active [NiFe] hydrogenase fromD. vul-

garis (Ni-C state). Experimental conditions: microwave frequency 9.587 GHz,

modulation amplitude 0.5 mT, modulation frequency 100 kHz. a) T=50 K, mi-

crowave power 2 mW; b) Simulation of the Ni-C state (spectrum a).gx=2.196,

gy=2.146,gz=2.010; c) T=20 K, microwave power 2 mW; d) T=10 K, microwave

power 4 mW; e) T=1.8 K, microwave power 4mW.
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second-order effects. The average splitting of thegx andgy components was found

to be�7.85 mT, the exchange interactionj2J=gβj can therefore be estimated to

have this magnitude. Taking

g =
g1+g2

2
= 2:171; (4.5)

an exchange coupling constantJ of 38:6 � 10�4 cm�1 can be derived from this

expression. This value is in good agreement with results obtained by Guigliarelli

et al. [88]. Numerical simultations of the spin-spin coupled spectra would provide

further information, e.g. on the structural arrangement of the interacting species

as well as allow determination of theg-tensor principal values for the reduced

[4Fe-4S]1+ cluster.

Light-Induced Ni-L State

Most of the [NiFe] hydrogenases studied up to now show light sensitivity of the

reduced state when illuminated at temperatures below 80 K. This phenomenon

was for the first time observed by van der Zwaanet al. [54]. Illumination of

the reduced sample ofD. vulgaris hydrogenase leads to the decrease of the Ni-C

spectrum intensities and simultaneous appearence of a new rhombic signal (Fig.

4.12 a). The principal values of theg-tensor determined from a simulated spec-

trum (Fig. 4.12 b) are very similar to those of the Ni-L state in ’standard’ [NiFe]

hydrogenases [6] (see Table 4.6). At low temperatures, these lines show splittings

due to spin-spin coupling to the reduced [4Fe-4S] cluster (Fig. 4.12 c, broad lines

below g=1.9, cf. Fig. 4.11, e). The value of the splitting at the low-field com-

ponent is now decreased (∆x=1.4 mT). Numerical simulations of the spectra are

planned to obtain more information about exchange and dipolar coupling param-

eters. After prolonged illumination of the sample with white light, complete Ni-C

to Ni-L transformation takes place (Fig. 4.12 d). This reaction is believed to be
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caused by photodissociation of the hydrogen species bound to the nickel site [54].

This assumption was confirmed by ENDOR measurements performed at the Ni-C

and Ni-L states of the [NiFe] hydrogenase fromThiocapsa roseopersicina [56].

The large proton hyperfine coupling observed in the Ni-C state disappeared upon

illumination of the sample.

The g3 value in the Ni-L state now significantly deviates fromge. Consider-

ing a possible light-induced difference in the coordination sphere of the nickel,

a change of the electronic structure in the Ni-L state (e.g., from Ni(III) to Ni(I))

might be supposed.

Light-induced Ni-C to Ni-L conversion was completely reversible. After an-

nealing of the sample in the dark at 200 K for 30 minutes, the original Ni-C

spectrum reappeared (Fig. 4.12 e, cf. Fig. 4.11 a).

4.5.2 Orientation of theg-Tensor in the Reduced Hydrogenase:

Single Crystals Studies

Single crystals of the [NiFe] hydrogenase fromD. vulgaris were reduced by in-

cubation under 100% H2 atmosphere in the presence of MV as described above

(Section Samples).

EPR Measurements

EPR spectra of the reduced crystal showed a distinct angular dependence similar

to that observed for the ’as isolated’ state (Fig. 4.13, cf. Fig. 4.5). However, the

range ofg-values in these spectra now corresponds to theg-tensor principal values

characteristic for the reduced, active Ni-C state determined from EPR experiments

of protein frozen solution (2:01< g < 2:20, cf. Table 4.6). Also, a maximum

of four lines is now found in each spectrum indicating the presence of only one
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Figure 4.12: Light-induced Ni-L state in the [NiFe] hydrogenase fromD. vul-
garis. Experimental conditions: microwave frequency 9.587 GHz, modulation
amplitude 0.5 mT, modulation frequency 100 kHz. a) T=40 K, illuminated for
10 minutes, microwave power 1mW. Filled circles: Ni-C, open circles: Ni-L; b)
Simulation of the Ni-L spectrum.gx=2.296,gy=2.116,gz=2.046; c) T=7 K, mi-
crowave power 0.1 mW. [NiFe] center coupled to [4Fe-4S] cluster; d) T=40 K,
illuminated for 30 min., microwave power 1mW; e) T=40 K, after annealing at
200 K for 30 min., microwave power 1mW.
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paramagnetic species in the sample. These features argue for the Ni-C state being

indeed obtained in the single crystal. An intense, orientation-independent signal

aroundg=2 arises from reduced MV. This signal complicates collection of data

belowg=2.02.

Analysis of Experimental Data

Experimental data for the Ni-C state were analyzed in the same way as described

above for the ’as isolated’ state (see Section 4.3.2). A simultaneous fit performed

for all four sites (Fig. 4.14) yielded principal values and direction cosines of

the g-tensor relative to the crystal axes system (Table 4.7). Principal values of

theg-tensor determined from EPR measurements of hydrogenase frozen solution

were used as start values for the fit and remained constant after a release of the

constraint.

Orientation of the g-Tensor in the Ni-C State Relative to the Atomic Structure

of the Active Site

In the following, the obtained orientation of theg-tensor is compared with the

atomic structure of the active site resolved at 1.4Å by X-ray structure analysis

[17]. The obtained data are related to the results for the ’as isolated’ state of

the enzyme. It remains, however, unclear whether the crystallographic axesa;b

andc keep the same orientation in the reduced state. This fact might lead to an

ambiguous assignment of theg-tensor principal axes. However, in the reduced hy-

drogenase, the distances between atoms building up the catalytic center as well as

their spatial alignment remained very close to the ’as isolated’ enzyme [16]. The

form and space group of reduced single crystals were the same as for the oxidized

form [17] The c axis still lies along the growing direction of crystal ’needles’

(Y. Higuchi, personal communication). It is therefore most likely that alsoa and



68 4 NiFe Hydrogenase fromD. vulgaris Miyazaki F

Figure 4.13: Angular dependence of the EPR spectrum in single crystals of the

[NiFe] hydrogenase fromD. vulgaris Miyazaki F measured by CW EPR at X-

band showing signals from the Ni-C state. Experimental conditions: T=40 K,

microwave power 5mW, microwave frequency 9.584 GHz, field modulation 100

kHz, modulation amplitude 0.92 mT, accumulation time 332 s for each spectrum.

Shown is the rotation in an arbitrary plane of the single crystal by an angleφ.

A maximum of four lines is expected in the spectra (space groupP212121). The

small additional lines are attributed to small crystallites also present in the crystal

holder.
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Figure 4.14: Angular dependence of theg2 values in single crystals of the [NiFe]

hydrogenase fromD. vulgaris Miyazaki F at T=40 K evaluated from Fig. 4.13.

The fit procedure was performed for the Ni-C state. Large circles: experimental

values used for the respective fit; small circles: experimental data not used for

the fit due to large line widths in the spectra where the signals from several sites

coincide. The four fit curves correspond to the four sites in the unit cell of the

single crystal and are labeled I to IV.

b crystal axes keep their alignment. X-ray scattering measurements performed

on the same single crystal used for EPR experiments will solve this problem un-

ambiguously. The angles betweeng-tensor principal axes and Ni–S(Cys) bonds

were calculated in a similar way as for the ’as isolated’ state (see Table 4.8). If

we assume the Ni-C state to have ad1
z2 ground state configuration (see above)

and consider that thegz value remains the same as in the ’as isolated’ state being

close toge, the gz axis should keep its direction along the Ni–S(Cys549) bond.

This criterium is fullfilled for Site I. Only in this case deviation of thegz axis
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x y z

Ni-C: T=40 K gi 2.198 2.146 2.012

`ai �0.48 0.38 0.79

`bi 0.21 �0.82 0.52

`ci 0.84 0.42 0.32

Table 4.7: Principal values and axes directions of theg-tensor of Ni-C in single

crystals of the hydrogenase fromDesulfovibrio vulgaris Miyazaki F.gi: g-tensor

principal values(i= x;y;z) as obtained from the fit procedure (error� 0.001). The

g-tensor principal values obtained from EPR spectra of frozen hydrogenase solu-

tions (gx=gy=gz) at T=80 K are (see above):gx=2.196,gy=2.146,gz=2.012. `ki:

Direction cosines ofg-tensor principal axes(i = x;y;z) in the crystal axes system

(k = a;b;c) for one of the four magnetically inequivalent sites. Directions for the

other three sites are obtained by appropriate permutation of signs, corresponding

to 180Æ rotations about the three crystal axesa, b, andc. From the experimental

error of the angular-dependentg-values the error in theg-tensor orientation was

estimated to be approximately 4Æ.

from the Ni–S(Cys549) direction is small (12Æ), for Sites II-IV it is 78Æ, 61Æ, and

41Æ, respectively. However, there is a difference in orientation of thegy andgx

axes as compared with the ’as isolated’ state. For Site I, thegx axis is now along

the Ni–S(Cys81) direction whereas thegy axis is close to the Ni–S(Cys84) / Ni–

S(Cys546) direction. The orientation of theg-tensor corresponding to that given

by Site I is shown in Fig. 4.15. This result is also in very good agreement with a

g-tensor orientation calculated by DFT [77].
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Site Direction gx gy gz

Ni–S(Cys81) 13 82 79

I Ni–S(Cys84) 76 14 88

Ni–S(Cys546) 85 7 85

Ni–S(Cys549) 86 82 12

II Ni–S(Cys549) 32 63 78

III Ni–S(Cys549) 73 35 61

IV Ni–S(Cys549) 66 59 41

Table 4.8: Angles between directions of the Ni–S bonds from X-ray crystal struc-

ture [16] and theg-tensor axes (gx;gy;gz) of the Ni-C form for the four different

sites in the single crystals of the [NiFe] hydrogenase fromD.vulgaris Miyazaki F.

Directions of Ni-S(Cys) bonds have been calculated from X-ray crystallographic

data [16]. The bold numbers emphasize the best agreement between theg-tensor

axes and directions of the Ni-S(Cys) bonds. Error on theg-tensor orientation�

4Æ.

4.6 Conclusions and Outlook

The electronic structure of the active site was studied by EPR methods both on

hydrogenase frozen solution and single crystals in various redox states of the en-

zyme. Continuous wave and pulsed EPR techniques have been applied to study

the electronic structure of the active center in the “as isolated” state (mixture of

Ni-A and Ni-B) as well as in the active, reduced Ni-C state of single crystals

of the [NiFe] hydrogenase fromDesulfovibrio vulgaris Miyazaki F. For the first

time, the orientation of theg-tensor with respect to the atomic structure of the ac-

tive site was determined for Ni-A, Ni-B, and Ni-C on the basis of a comparison of

obtainedg-tensors with the refined X-ray structure at 1.8Å (oxidized state [16])
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Figure 4.15: Stereo view of the orientation of theg-tensor of the Ni-C state in the

crystal frame. For labelling of atoms and residues see Fig. 2.3

and at 1.4Å resolution (reduced state [17]). The low temperature data (T=10 K

for the Ni-A and the Ni-B, T=30 K for the Ni-C) are summarized in Table 4.9.

For all forms, a 3d1
z2 ground state was proposed. A similar orientation of the

g-tensor was found for the Ni-A and Ni-B states. Thegy value differs slightly

between Ni-A and Ni-B. This could be explained by a small structural difference,

e.g. protonation of a nickel ligand. Based on orientation-selected ENDOR studies

of the Ni-B state of the hydrogenase fromC. vinosum [107] a protonation of the

ligand bridging Ni and Fe was discussed. This could explain the difference in the

gy principal value between Ni-A and Ni-B.

The Ni-A and Ni-B states also differ in the rate of the reductive activation. The

protonated bridging ligand (e.g. a sulfur species like SH� in case ofD. vulgaris)

may represent a binding site for a proton after the hydrogen molecule has been

heterolytically cleaved. According to the most recently published X-ray structure

of the reducedD. vulgaris hydrogenase at 1.4̊A resolution [17], the electron den-

sity assigned to the sulfur bridge disappeares in this state. An SH� bridging ligand
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State Direction gx gy gz

Ni–S(Cys81) 83 28 64

Ni-A Ni–S(Cys84) 19 79 75

Ni–S(Cys546) 15 86 76

Ni–S(Cys549) 82 86 9

Ni–S(Cys81) 72 31 64

Ni-B Ni–S(Cys84) 29 72 67

Ni–S(Cys546) 21 87 68

Ni–S(Cys549) 75 84 16

Ni–S(Cys81) 13 82 79

Ni-C Ni–S(Cys84) 76 14 88

Ni–S(Cys546) 85 7 85

Ni–S(Cys549) 86 82 12

Table 4.9: Comparison of theg-tensor orientation (in degrees) relative to the

atomic structure of the active site in the oxidized [16] (Ni-A and Ni-B states)

and reduced [17] (Ni-C state) [NiFe] hydrogenase fromD. vulgaris Miyazaki F.

The bold numbers emphasize the best agreement between theg-tensor axes and

directions of the Ni-S(Cys) bonds. For details see Sections 4.4.2 and 4.5.2.

in the Ni-B state can be more easily removed than S2� in the Ni-A state. This is

consistent with the faster activation of Ni-B under a hydrogen atmosphere.

The determination of the orientation of theg-tensor in the reduced state (Ni-

C) of the hydrogenase made it possible to analyze possible differences in the

electronic structure of the active site during the process of hydrogen activation.

Preliminary results of these studies yield an orientation of theg-tensor such that

the direction of thegz axis keeps its orientation relative to the atomic structure of

the active site whereas thegx andgy axes exchange when compared withg-tensor
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orientations for the Ni-A and Ni-B states. This result is in agreement with the

orientation of theg-tensor in the Ni-C state obtained by DFT calculations on the

hydrogenase model cluster [110].

Freezing of the crystals did not influence the electronic structure of the active

site. This allows further application of ENDOR spectroscopy at low temperatures

to measure the electron-nuclear hyperfine coupling constants, e.g. for the charac-

terization of the protein environment of the active site in the hydrogenase. Pre-

liminary pulsed ENDOR experiments on Ni-A and Ni-B states were successfully

performed in our laboratory [105]. Such experiments together with ENDOR mea-

surements on the H=D exchanged samples are expected to confirm the proposed

structural difference of the Ni-A and Ni-B structures.

Orientation-selected ENDOR studies of the Ni-B (’ready’) state of the hydro-

genase yielded hyperfine coupling parameters similar to those of the ’standard’

[NiFe] hydrogenase fromC. vinosum. Accordingly, the observed proton hyper-

fine couplings H1 and H2 were assigned to theβ-CH2 protons of the bridging

cysteine Cys549.

In the reduced hydrogenase, spin-spin coupling of the NiFe center with the

neighboring reduced [4Fe-4S] cluster was observed similarly to that known for

the [NiFe] hydrogenase fromD. gigas [88]. Relaxation times of the spin-coupled

system drastically decrease. This phenomenon makes ENDOR difficult to observe

in the split Ni-C state. A preparation of the sample with a reduced NiFe center

and non-reduced proximal [4Fe-4S] cluster is required for these experiments.

Magnetic resonance observables (g-tensors and hyperfine couplings) should

be further obtained from DFT calculated wavefunctions and compared with the

experimental ones. This forms the basis for proposing a reaction mechanism for

the activation of molecular hydrogen by [NiFe] hydrogenases.



Chapter 5

EPR and FTIR Studies of Various

Redox States of the [NiFe]

Hydrogenase fromAcidithiobacillus

ferrooxidans

Acidithiobacillus ferrooxidans is an acidophilic, aerobic, obligately chemolitho-

autotrophic, gram-negative bacterium. It oxidizes ferrous iron to ferric iron [111],

reduced inorganic sulfur compounds to sulfuric acid [112], and molecular hydro-

gen to water [113]. This is the predominant bacterium carrying out the oxidation

of sulfidic ores.A. ferrooxidans contains unusually high amount of the hydroge-

nase (14 %). X-ray fluorescence analysis data showed presence of nickel and iron

atoms in the purified enzyme [34]. Motivation of this work was to investigate the

special characteristics and redox properties of the hydrogenase fromA. ferroox-

idans. For the first time, EPR and FTIR studies of the enzyme were performed

on its various redox states and yielded a proof for a catalytic center similar to

that in other known [NiFe] hydrogenases. Besides of properties characteristic for

75
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’standard’ enzymes (e.g.D. vulgaris Miyazaki F described in the previous chap-

ter) the hydrogenase fromA. ferrooxidans showed some interesting peculiarities

previously unknown for other studied enzymes like e.g. light sensitivity of the ox-

idized state. The electronic structure of the catalytic center was investigated both

in the ’as isolated’ and reduced states. The data for the nickel site were obtained

by EPR spectroscopy. The application of FTIR technique allowed to reveal the

ligand structure of the iron site.

5.1 Hydrogenase

Upon growth with molecular hydrogen the hydrogenase is highly expressed up to

14 % of the total protein. The hydrogenase fromA. ferrooxidans is isolated from

the soluble fraction and is composed of Hox G (64 kDa) and Hox K (34 kDa)

[34]. The structural features resemble those of a membrane-bound hydrogenases,

the enzyme may be loosely bound to the cell membrane. The nickel-to-iron ratio

is low (1:8.4) as is its turnover number (maximum of 6 U� (mg protein)�1). Al-

thoughA. ferrooxidans grows best at pH 2, the pH optimum of the reaction of the

homogeneous enzyme with artificial electron acceptors is pH 9 [34].

5.1.1 Sample Preparation

The [NiFe] hydrogenase fromAcidithiobacillus ferrooxidans ATCC 19859 was

purified in the research group of Prof. Dr. C. G. Friedrich (University of Dort-

mund, Germany) from cells grown lithoautotrophically with 80% hydrogen, 8.6%

carbon dioxide, and 11.4% air [34]. The enzyme was purified 7.3-fold after chro-

matography on Procion Red and Q-Sepharose with a yield of 19% and equilibrated

with 50 mM potassium phosphate (pH 7.0), sodium 3-[N-Morpholino]propane-

sulfonate (MOPS) (pH 7.0), or Tris HCl (pH 8.0).
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5.1.2 Determination of the Specific Activity

Hydrogenase activity was determined at 30ÆC in a similar way as described above

for the D. vulgaris hydrogenase by following the hydrogen-dependent reduction

spectrophotometrically with artificial electron acceptor methylene blue (λ=546

nm, ελ=5.2 mM�1cm�1). The assay (2.0 ml) was saturated with hydrogen and

contained 50 mM Tris�HCl (pH 9.0) buffer, 10µl protein sample, and 8µl 0.2 mM

methylene blue. The protein concentration varied between 9.3 and 12.4 mg=ml

depending on preparation. The hydrogenase specific activity As was then calcu-

lated according to the equation 4.1 [114]. Depending on the enzyme preparation,

values between 1.5 and 6 U� (mg protein)�1 were obtained.

5.1.3 Reductive Activation of the Hydrogenase

In order to investigate reduced, active hydrogenase and to form the Nia-C� state

and/or Nia-SR states, various reducing conditions were tested.

The ’as isolated’ enzyme was incubated under 100 % H2 for 45 min at 30ÆC and

then:

(i) incubated 20 minutes at room temperature,

(ii) incubated overnight at room temperature,

(iii) incubated for 20 minutes at room temperature, whereafter the gas phase was

replaced by 1 % H2 (99 % He).

The enzyme was reoxidized by addition of 5µl 10 mM DCIP.

5.2 Applied Experimental Techniques

For investigations of the active site of the [NiFe] hydrogenase fromA. ferrooxi-

dans, both EPR and FTIR spectroscopic methods were applied.
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5.2.1 EPR Experiments and Data Analysis

For EPR experiments, the hydrogenase solution with a protein concentration of

12.5 mg/ml was used. The samples (volume ca. 150µl) were transferred to quartz

EPR tubes (Wilmad 707SQ, 3 mm i.d., 4 mm o.d.) and rapidly frozen in liquid ni-

trogen for low temperature experiments. EPR measurements were performed with

Varian E-9 EPR, Bruker ECS106, and Bruker ESP300 spectrometers equipped

with a Bruker TE102 cavity; an Oxford helium cryostat ESR 910 (4–200 K) was

used. The field was calibrated with a Bruker ER035 teslameter and the microwave

frequency was measured with a Hewlett-Packard 5352B frequency counter. For

determination of the spin concentration, a 10 mM Cu2+ standard sample was used.

Illumination of the samples was performedin situ using a 150 W halogen lamp.

Simulations and integrations of the spectra were performed with programs sae15

and sae02. Difference spectra were obtained with a program sae03. All programs

were developed in the research group of Prof. S. P. J. Albracht (Universiteit van

Amsterdam, The Netherlands).

5.2.2 FTIR Experiments and Data Analysis

FTIR measurements were performed in collaboration with the research group of

Prof. K. A. Bagley (State University College at Buffalo, U.S.A.).

For the infrared experiments, the samples were treated as described above and

then loaded into an anaerobic infrared transmittance cell [33]. Room temperature

infrared spectra were collected on a BioRad FTS 60 FTIR spectrometer. Baseline

correction was performed using the multipoint method. Low temperature infrared

spectra were collected in a Bio-Rad FTS-40 FTIR spectrometer equipped with a

low-temperature optical cryostat (ADP Cryogenics Heli-tran LT-3-110, NaCl win-

dows). The temperature of the sample was controlled via a Lakeshore Cryotonics
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temperature controller (DRC-80C). Irradiation of the samples was performed us-

ing the collimated white-light output from a 300 W Xe Arc lamp filtered to remove

the Ultraviolet (< 350 nm) and IR components. Light-dark IR difference spectra

were formed by subtracting the IR spectrum taken before irradiation at that tem-

perature from the light induced spectrum taken subsequent to illumination at the

same temperature.

5.3 ’As isolated’ State

5.3.1 EPR Investigations of the Oxidized State. Unusual Prop-

erties.

In the ’as isolated’ state, the purified hydrogenase fromA. ferrooxidans shows a

rhombic EPR spectrum (Fig. 5.1 a) reminiscent to the ’standard’ [NiFe] hydroge-

nases, e.g. that ofD. vulgaris Miyazaki F (Fig. 5.1 c).

Simulation of the experimental spectrum is shown in Fig. 5.1 b. The corre-

sponding principalg-values (see Table 5.1) and line forms and widths are similar

to those observed in the Ni-B, or ’ready’, state of the ’standard’ [NiFe] hydro-

genases, e.g. fromD. vulgaris andA. vinosum (cf. Table 5.1). This state was

designated as Ni�ox . In contrast to other hydrogenases, the Ni-A, or ’unready’,

state was not present in the enzyme fromA. ferrooxidans. At T=80 K, the spin

concentration of the Ni�ox state was 33µM. As the total protein concentration of

the sample was 100µM, this observation is indicative for at least one more EPR

’silent’ redox state present in the sample.
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Figure 5.1: EPR spectra of the [NiFe] hydrogenases in the “as isolated” state. a)

[NiFe] hydrogenase fromA. ferrooxidans: Ni�ox state. b) Simulation of spectrum

a). For parameters see Table 5.1. c) Membrane-bound [NiFe] hydrogenase from

D. vulgaris Miyazaki F showing mixture of Ni-A and Ni-B states. Experimen-

tal conditions: T=80 K;ν = 9.41 GHz; microwave power 0.02 mW; modulation

amplitude 0.8 mT; modulation frequency 100 kHz.



5.3 ’As isolated’ State 81

Hydrogenase State g1 g2 g3 Ref.

A. ferrooxidans Ni�ox 2.328 2.185 2.005 This work

Niox-L� 2.483 2.225 2.169 This work

D. vulgaris Miyazaki F Ni-B 2.332 2.162 2.010 This work

Ni-A 2.315 2.236 2.010 This work

A. vinosum Nir 2.34 2.16 2.01 [98]

Niu 2.32 2.24 2.02 [98]

Table 5.1: Principal values of theg-tensor in the ’as isolated’ state of the [NiFe]

hydrogenase fromA. ferrooxidans determined from simulations of the experimen-

tal spectra.

Temperature dependence of the EPR spectra

Lowering of the temperature leads to changes in the EPR spectrum. Below T=60

K, a sharp intense signal withg=2.02 and a broad one aroundg=1.770 was addi-

tionally detected (Fig. 5.2). The sharp line was assigned to an oxidized [3Fe-4S]+

cluster. A broad signal probably arises from an unknown species X(ox) coupled

to the [3Fe-4S] cluster (X(ox)–[3Fe-4S] couple) as observed also in hydrogenase

from C. vinosum [115, 116].

At these temperatures, the nickel EPR lines split (see Fig. 5.2 b and 5.3c–

e). A detailed study of the temperature dependence of the nickel EPR spectra is

shown in Fig. 5.3. At T=80 K (Fig. 5.3 a), the signals are unsplit whereas at

T=40 K theg2 component of the spectrum is broadened (Fig. 5.3 b). Further

lowering of the temperature to 15 K leads to splitting of theg2 line (Fig. 5.3

c) while theg1 component remains unsplit. At T=7 K, bothg1 andg2 are split

(Fig. 5.3 d). The EPR spectrum recorded at T=4 K (Fig. 5.3 e) shows a two-fold

splitting atg1 andg2. The spin concentrations of nickel signals were identical at
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Figure 5.2: Low temperature EPR spectra of the hydrogenase fromA. ferrooxi-

dans in “as isolated” state. a) Sharp intense signal atg=2.02 caused by an oxi-

dized [3Fe-4S]+ cluster. b) Expansion of the spectrum a) showes the broad signal

aroundg=1.7 due to X(ox)=[3Fe-4S] couple [115, 116] and splittings of nickel

signals. Experimental conditions: T=4.2 K;ν = 9.41 GHz; microwave power 0.02

mW.

all temperatures. The split signals differed in saturation behaviour indicating an

increase of the electron spin relaxation rate. These observations argue for a spin-

spin interaction of the [NiFe] center with neighboring fast relaxing paramagnetic

species as proposed in [116] for the hydrogenase fromC. vinosum. Above 80 K,

the coupling is averaged out due to rapid relaxation of the X(ox)–[3Fe4S] system.
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Figure 5.3: Low temperature splitting of the EPR signals in the hydrogenase from

A. ferrooxidans. Experimental conditions: a) T=80 K; b) T=40 K; c) T=15 K; d)

T=7 K; e) T=4 K. For other conditions, see Fig. 5.1.
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The spin-spin coupling is nearly isotropic at theg1 andg2 components:∆x=10.9

mT, ∆y=10.7 mT. An intense signal of the [3Fe-4S]+ cluster prevents determina-

tion of the coupling parameters at theg3 component. To examine the spin-spin in-

teraction in the oxidized [NiFe] hydrogenase fromA. ferrooxidans we proceed in

the same way as it was done for the spin-spin coupling analysis in the reduced state

of the [NiFe] hydrogenase from D. vulgaris Miyazaki F described in the previous

chapter. Similarly, we assume the low-field part of the spectrum (2:4< g < 2:2)

to arise from the first-order effect of the exchange interaction, and the high-field

part (2:2< g < 2:0) to be caused by second-order effects. The average splitting

of theg1 andg2 components is�10.8 mT, the exchange interactionj2J=gβj can

therefore be estimated to have this magnitude. Taking

g =
g1+g2

2
= 2:257; (5.1)

an exchange coupling constantJ of 54�10�4 cm�1 can be derived from this ex-

pression.

Light Sensitivity of the Oxidized Hydrogenase

A peculiarity of the ’as isolated’ state of theA. ferrooxidans hydrogenase is its

light sensitivity. When illuminated at low temperatures, the Ni�
ox (’dark’) spec-

trum (Fig. 5.4 a) was transformed into another rhombic signal with a low-field

component atg=2.483 (Fig. 5.4 b, T=4 K). This signal was designated Niox-L�.

Decrease of the ’dark’ signals was followed at the low-field component B0 =

283:0 mT (gx=2.328) during 163 sec (Fig. 5.5.) The rate of the light induced

reaction was found to beτ1=2=15 s. The Ni�ox / Niox-L� transition is much faster

than the Ni-C–Ni-L conversion in the reduced enzyme (see below).

The principalg-values of the novel Niox-L� state were determined from light-

dark difference spectra obtained by weighted subtractions of spectra of samples
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Figure 5.4: Light sensitivity of the as isolated state in the hydrogenase fromA.

ferrooxidans. a) dark-adapted enzyme; b) illuminated 3 sec at 4 K. Experimental

conditions: see Fig. 5.2.

prepared in different buffers (potassium phosphate pH 7.0 and Tris HCl pH 8.0)

and given in Table 5.1). This change ofg-values indicates a change in the elec-

tronic structure of the active site which might be caused by a different arrangement

of the nickel ligands upon illumination (see below).

This reaction also showed a strong temperature dependence. At 4 K, the ’dark’

spectrum disappeared completely within 3 seconds. Under these conditions, the

EPR lines in the ’light’ spectrum were also split (Fig. 5.4 b). Illumination of

the samples at higher temperatures showed that only a part of the ’dark’ signals
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Figure 5.5: Kinetics of the light-induced reaction in the oxidized state hydroge-

nase fromA. ferrooxidans

(Fig. 5.6 a) were transformed into the Niox-L� state (Fig. 5.6 b–d). EPR spectra

recorded after 1, 10, and 15 minutes illumination are shown in Fig. 5.6 b, c, and

d, respectively. After 15 minutes of illumination at 30 K, both ’dark’ and ’light’

signals were still present in the spectrum (Fig. 5.6 d).

It is noticeable that a continuous loss of the signal intensities takes place during

the prolonged illumination (cf. slices b and d of Fig. 5.6). The light-dark reaction

was reversible. After ’annealing’ of the illuminated sample for 15 minutes at 200

K in the dark, the original Ni�ox spectrum returned (Fig. 5.7 b). However, the

signal intensities in the recovered ’dark’ spectra are now decreased as compared

with the EPR spectrum recorded before illumination (Fig. 5.7 a).

After several cycles of illumination and annealing at 200 K, a further loss of

Ni�ox signals was observed. A possible explanation of this observation is discussed

below.
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Figure 5.6: Light sensitivity of the ’as isolated’ state of the [NiFe] hydrogenase

from A. ferrooxidans monitored by EPR at T=30 K. a) dark adapted sample; sam-

ple lluminated for b) 1 min; c) 10 min; d) 15 min. Experimental conditions as in

Fig. 5.4. Continuous loss of the signal intensities is observed between b and d.
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Figure 5.7: Comparison of the ’dark’ EPR spectra of the ’as isolated’ state of the

[NiFe] hydrogenase fromA. ferrooxidans recorded a) before and b) after illumi-

nation cycle. T=80 K. Experimental conditions as in Fig. 5.1.

5.3.2 Novel Light-Induced States Studied by FTIR

At room temperature, the oxidized hydrogenase gives rise to an infrared spectrum

with bands at 1949, 1955, 2077, 2083, 2090.5 and 2101 cm�1 as shown in Fig.

5.8.

In general for the [NiFe] hydrogenases, the bands between 1900 and 2000

cm�1 originate from the CO ligand on the Fe while the CN ligands to the Fe

are found between 2040 and 2150 cm�1 [30, 32, 33]. In addition, the CN bands

are generally less intense than the CO bands, and, in many cases are difficult to

detect. If we assume that two bands at 1949 and 1955 cm�1 are caused by the

CO molecules and the four bands at 2077, 2083, 2090 and 2101 cm�1 by the CN
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molecules, respectively, then there are two states (each with one CO and two CN)

present in the oxidized, aerobic sample. The first state with a strong CO band at

1949 cm�1 will be called Ni-I. According to the relative height of the CO bands,

the Ni-I state makes up about 78% of the total oxidized state. The other 22% of

the oxidized state gives the weaker side band at 1955 cm�1 and will be called

Ni-II (see Table 5.2).

The presence of two states in the IR spectrum of the ’as isolated’ enzyme is

consistent with the proposal made on the basis of EPR data (see previous Section).

Also the relative intensities of the CO bands agree well with relative amounts of

the two states determined by analysis of spin concentrations (see below in the

Discussion section). Thus, the state with a weaker CO band at 1955 cm�1 (called

Figure 5.8: Infrared spectrum of the ’as isolated’ state of the [NiFe] hydrogenase

from A. ferrooxidans recorded at room temperature. The intense bands at 1949

and 1955 cm�1 are caused by CO ligands, the bands at 2077, 2083, 2090.5, and

2101 cm�1 originate from CN ligands. Correspondingly, two distinct states are

found to be present in the ’as isolated’ enzyme.
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Hydrogenase ν, cm�1 Ref.

CO CN

A. ferrooxidans Ni-II 1955 2090 2101 This work

Ni-I 1949 2077 2083 This work

Ni-I-L 1 1962 2074 2090 This work

Ni-I-L 2 1978 n.d. n.d. This work

A. vinosum Nir 1944 2080 2092 [33]

Niu 1945 2084 2094 [33]

Table 5.2: IR stretching frequencies of CO and CN molecules in oxidized redox

states of the [NiFe] hydrogenases fromA. ferrooxidans andA. vinosum.

Temperature 300 K 260 K 200 K 80 K 20 K 9.5 K

Ni-I, νCO, cm�1 1949 1950.6 1951.4 1952.5 1952.7 1952.7

Ni-II, νCO, cm�1 1955 1957.9 1958.1 1959.7 1960.2 1960.3

Table 5.3: Temperature dependence of the CO stretching frequencies in the oxi-

dized state of the hydrogenase fromA. ferrooxidans

Ni-II) might be assigned to the paramagnetic Ni�
ox state.

The frequencies of both the CO stretch and the CN stretches are significantly

more temperature dependent than what has been found for the [NiFe] hydrogenase

from A. vinosum [33]. Temperature dependence of the CO bands is given in Table

5.3. Comparing the absolute spectrum at 20 K to that taken at room temperature,

there is a shift of about 4 cm�1 for ν(CO) in the Ni-I state between these two

temperatures.

In the following, the frequencies of the CO bands will be given for T=20 K.
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Light Sensitivity of the ’As Isolated’ State Followed by FTIR

Light sensitivity of the ’as isolated’ state inA. ferrooxidans was also detectable

in the FTIR spectra. At 8.0 K, there were changes in difference spectra after 3

seconds of illumination with a 300 W Xenon arc lamp (Fig. 5.9 a). The Ni-I

CO band decayed and two new bands at 1978 and 1962 cm�1 grew up. Further

illumination changed the proportion of the two new bands. The full development

of the 1962 cm�1 band occured after 30 seconds illumination (Fig. 5.9 b), while

the band at 1978 cm�1 took longer to grow in (Fig. 5.9 c, d). The band at 1962

cm�1 is called Ni-I-L1 and the band at 1978 cm�1 Ni-I-L 2 (see Table 5.2).

The proportion of the two light-induced species was temperature dependent

(Fig. 5.10). At 20 K, both Ni-I-L1 and Ni-I-L2 are present in the IR light-dark

difference spectrum (Fig. 5.10 a). As the temperature of photolysis increases, the

bands at 1978 and 1962 cm�1 become smaller (Fig. 5.10 b, T=80 K). At 120 K,

only one light-induced state is detected in the light-dark difference spectra which

has bands at 1962, 2073 and 2089 cm�1 (Fig. 5.10 c). It can therefore be assumed

that the 1962 cm�1 band arises from the Ni-I-L1 state and that its frequency is

temperature dependent. The difference spectrum at 120 K (Fig. 5.10 c) shows

that in the Ni-I/Ni-I-L1 transition, a band in theν(CO) region at 1951 cm�1 shifts

to higher frequencies upon exposure to light, while 2 bands in theν(CN) region

shift downwards. At temperatures above 140 K, the enzyme has almost no light

sensitivity (Fig. 5.10 d).

The increase in frequency for a CO band, while the frequencies of 2 bands pre-

sumably arising from CN ligands decrease, is uncommon, since in other enzymes

studied theν(CO) andν(CN) bands have always shifted in the same direction

[33]. A shift of the ’CO’ band to higher frequencies is indicative of a decrease

of the electron density at the iron atom. This is opposite to what is observed in

the reduced state where electron density at the iron atom increases because of the
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Figure 5.9: Light-dark IR difference spectra for the ’as isolated’ state at 9 K after

irradiation for: a) 3 sec; b) 33 sec; c) 63 sec; d) 363 sec. The enzyme is in 50 mM

MOPS buffer, pH 7. 512 scans collected at 1 cm�1 resolution.
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Figure 5.10: Light-dark infrared difference spectra for the ’as isolated’ state of

the A. ferrooxidans enzyme at a) 20 K; b) 80 K; c) 120 K; d) 140 K. Enzyme

dissolved in 50 mM MOPS buffer, pH 7. Light-induced spectra collected after 5

min irradiation at the given temperature. 512 scans collected at 1 cm�1 resolution.
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liberation of the bridging hydrogen species (see below).

5.4 Reduced State

The reduced, active state of the hydrogenase fromA. ferrooxidans is highly in-

teresting for understanding the mechanism of the catalytic reaction performed by

this enzyme.

To form the Nia-C� state and/or the Nia-SR states, various reducing conditions

were tested as described in the section Sample Preparation. The corresponding

EPR and FTIR spectra obtained from reduced samples were almost identical (see

Fig. 5.11 a for EPR and Fig. 5.15 for FTIR spectra of the sample (A), data for

samples (B) and (C) are not shown).

5.4.1 EPR Measurements: Ni-C, Ni-L and Ni-int States

After incubation under 100% H2 at 30ÆC for 45 minutes, the EPR spectrum was

characteristic for a reduced hydrogenase (Ni-C state) (Fig. 5.11 a).

The principalg-values and line widths (Wx=1.73 mT, Wy=1.74 mT, Wz=1.72

mT) of this signal (see Table 5.4) were obtained by simulation of the experimental

spectrum (see Fig. 5.11 b) and showed high similarity to those for the Nia-C� state

of the [NiFe] hydrogenase fromA. vinosum [6], cf. Table 5.4.

The spin concentration of this state was found to be 13.6µM. This corre-

sponds to 41 % of the value obtained for the ’as isolated’ enzyme. Such relation

between spin concentrations of the oxidized and reduced states is also usual for

other [NiFe] hydrogenases, since after reduction a part of the enzyme molecules

is in the fully reduced, EPR ’silent’ state.
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Figure 5.11: EPR spectra of the reduced hydrogenase fromA. ferrooxidans. a)

Nia-C� state obtained after 45 min 100 % H2 at 30ÆC. T=80 K; b) Simulation

of spectrum a). For parameters see Table 5.4. c) T=30 K; d) T=4 K. For other

experimental conditions s. Fig. 5.1.
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Hydrogenase Redox state g1 g2 g3 Ref.

A. ferrooxidans Nia-C� 2.215 2.150 2.009 This work

Nia-L� 2.276 2.116 2.036 This work

Nia-int� 2.332 2.094 2.042 This work

D. vulgaris Miyazaki F Ni-C 2.196 2.146 2.010 This work

Ni-L 2.296 2.116 2.046 This work

A. vinosum Ni�a 2.20 2.15 2.01 [98]

Nia-L� 2.28 2.10 2.05 [98]

Table 5.4: Principal values of theg-tensor in the reduced state of the [NiFe] hy-

drogenase fromA. ferrooxidans determined from simulations of the experimental

spectra.

Temperature Dependence of the EPR Spectra

In ’standard’ hydrogenases, the low temperature EPR spectra of the active, re-

duced enzyme are strongly influenced by the spin-spin interaction between the

[NiFe] center and the reduced proximal iron-sulfur cluster [88]. At a temperature

below 60 K, the lines in the corresponding spectrum show a significant splitting

or broadening (see Chapter 4 of this work). However, in contrast to the ’standard’

hydrogenases, the EPR spectra of the active, reducedA. ferrooxidans enzyme

recorded at T=30 K (Fig. 5.11 c) and T=4 K (Fig. 5.11 d) were only slightly

affected by this interaction. Theg1 component of the EPR spectrum of the Nia-

C� state showed only a broadening whereas theg2 line was split by∆2=9.61 mT.

This indicates a weak influence of the reduced proximal cluster. The minor sig-

nals aroundg=2 arising from contamination of the sample prevent analysis of the

behavior of theg3 component. Also, there were no sharp signals of reduced iron-

sulfur clusters. Probably, interaction of the reduced [3Fe-4S] (S=2) cluster with
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the reduced cubane clusters leads to broadening of all signals of Fe-S cluster(s).

Similar effects are observed e.g. inD. gigas [7] or A. vinosum [6] hydrogenases

(see Discussion).

Light-Induced Ni a-C� – Nia-L� Transformation

Most hydrogenases studied up to now show light sensitivity in the reduced state

[8]. Similarly, the illumination of the reducedA. ferrooxidans sample at 30 K

in situ with white light leads to transformation of the ’dark’ Nia-C� signal (Fig.

5.12 a) into a new spectrum with principalg-valuesg1=2.276,g2=2.116,g3=2.036

(Fig. 5.12 b) and line widths Wx=1.44 mT, Wy=1.6 mT, Wz=2.1 mT (see Table

5.4). These parameters are characeristic for the light-induced Nia-L� state [6].

The rate of the light-induced reaction also resembled the one of a Ni-C to Ni-L

conversion in other hydrogenases. The spin concentration of the light-induced

state was 14µM. This value is equal (within error) to that obtained for the Nia-C�

state, i.e. the latter is completely transformed into the Nia-L� state.

The low temperature EPR spectra show a significant anisotropy of the spin-

spin interaction in the activeA. ferrooxidans hydrogenase. The Nia-L� state ex-

hibited a behavior different from that observed for the Nia-C� state: here, theg1

component was split (∆x=4.88 mT) whereas theg2 component remained almost

unchanged (Fig. 5.12 c, cf. Fig. 5.11 d). The form of the splitting on theg3

line resembles the one for the Ni-C state in the ’standard’ hydrogenase fromD.

vulgaris Miyazaki F (see Chapter 4). These observations imply a change of the

electronic structure of the active center due to the Nia-C� / Nia-L� conversion (see

Discussion).
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Figure 5.12: EPR spectra of the reduced [NiFe] hydrogenase fromA. ferrooxi-

dans. a) Nia-C� state, T=30K; b) Light-induced Nia-L� state (open circles) ob-

tained by illumination of the sample a) for 15 minutes at 30 K; c) Nia-L� state,

T=4 K.
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Novel Intermediate Ni-int� State

After annealing of the illuminated samples at temperatures below 160 K in the

dark, a novel intermediate state with the low-field component atgz=2.332 was

observed (Fig. 5.13 a, the corresponding lines in the EPR spectrum are marked

by asterisks) besides of Nia-C� state (filled circles). This new species called Ni-

int� (for g-values see Table 5.4) showed no light sensitivity after illumination with

white light (Fig. 5.13 b) whereas the usual Nia-C� / Nia-L� transformation took

place. After prolonged incubation of the sample at 220 K in the dark or treatment

with 1 % H2 at 30Æ, the original Nia-C� signal returned (Fig. 5.13 c, see also Fig.

5.18).

We tried to obtain the fully-reduced (Ni-R) state of the hydrogenase by incuba-

tion in a 100% hydrogen atmosphere overnight (see above, sample B). However,

there was no decrease of the Nia-C� signal intensities as observed e.g. inC. vi-

nosum [6]. After equilibration of the sample under 1% H2 (99% He) (see above,

sample C), no increase of the Nia-C� signals was detected in contrast to the ’stan-

dard’ enzymes.

Reoxidation of the Enzyme by DCIP

When the reducedA. ferrooxidans sample was reoxidized by DCIP (see above),

the same EPR spectrum reappeared as in the ’as isolated’ state. (Fig. 5.14 a, cf.

Fig. 5.1 a). This confirms that the Ni�
ox state observed for the hydrogenase after

purification corresponds to the oxidized form of the enzyme. Two-fold splitting

of this signal at low temperatures was clearly detectable as well (Fig. 5.14 b).
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Figure 5.13: EPR spectra of the reduced [NiFe] hydrogenase fromA. ferrooxi-

dans, a) dark-adapted for 15 min at 160 K. T=80 K; b) illuminated 10 min. T=80

K; c) dark-adapted for 30 min at 220 K. Filled circles: Nia-C�, open circles: Nia-

L�, asterisks: Ni-int�.

5.4.2 FTIR Measurements: ’Standard’ and Novel States

Examination of the room temperature IR spectra for the enzyme reduced under

100% H2 for 30 minutes at 30ÆC suggests that there are three states with IR bands



5.4 Reduced State 101

Figure 5.14: EPR spectra of the [NiFe] hydrogenase fromA. ferrooxidans ox-

idized by 5µl of 10 mM DCIP. a) T=80 K; b) T=4 K. For other experimental

conditions see Fig. 5.1.

for ν(CO) at 1956, 1945 and 1929 cm�1 at room temperature (Fig. 5.15). Ac-

curate determination of the stretching frequencies for the CN bands is difficult

because of their low intensities in the FTIR spectrum. The bands at 1956 and

1929 cm�1 represent the mixture of Nia-C� and Nia-R states similar to the hydro-

genase fromC. vinosum [33]. A new state designated as Ni-X has a CO band at

1945 cm�1 (see Table 5.5).



102 5 NiFe Hydrogenase fromA. ferrooxidans

Hydrogenase ν, cm�1 Ref.

CO CN

A. ferrooxidans Nia-C� 1961 2079 2093 This work

Nia-L� 1910 2051 2068 This work

Nia-R 1929 n.d. n.d. This work

Ni-X 1949 2076 2095 This work

Ni-X-L 1963 2071 2089 This work

A. vinosum Nia-C� 1950 2076 2088 [33]

Nia-L� 1898 2044 2060 [33]

Nia-R1 1936 2060 2075 [42]

Nia-R2 1922 2049 2066 [42]

Table 5.5: IR stretching frequencies of CO and CN molecules in reduced redox

states of the [NiFe] hydrogenases fromA. ferrooxidans andA. vinosum [42].
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IR difference spectra formed upon irradiation of the reduced enzyme with

white light at various cryogenic temperatures is shown in Fig. 5.16. At 160 K

(Fig. 5.16 a), the light-dark difference spectrum shows 3 downward bands at

2093, 2079 and 1961 cm�1 and three upward going bands at 2068, 2051 and 1910

cm�1. The spectral changes associated with illumination have frequency shifts

very similar to the Nia-C�–Nia-L� transition inC. vinosum [33] andD. gigas (K.

A. Bagley, S. P. J. Albracht, and E. C. Hatchikian, unpublished results). This re-

sult suggests that the bands at 2093, 2079 and 1961 cm�1 arise from the Nia-C�

state and the bands at 2068, 2051 and 1910 cm�1 belong to the Nia-L� state.

Photolysis at lower temperatures leads to a more complicated behaviour. At

all temperatures below 140 K (Fig. 5.16 b–d), there also appears to be at least

one other light-induced event besides the Ni-a-C�–Nia-L� transition. The spectra

can be understood if one assumes that the second light sensitive state is the Ni-X

Figure 5.15: Infrared spectrum of the [NiFe] hydrogenase fromA. ferrooxidans

reduced under 100% H2 recorded at room temperature. Three CO bands at 1956,

1945 and 1929 cm�1 indicate the presence of three redox states in the sample.
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with a CO band at 1949 cm�1 (see above) which disappears upon photolysis and

is replaced by a new band at 1963 cm�1 for temperatures below 140 K (Fig. 5.16

b–d). The band at 1963 cm�1 was assigned to a state called Ni-X-L. Our results

suggest that the Ni-X / Ni-X-L transition occurs only at temperatures below 140

K. Infrared difference spectra for T=80 K and T=20 K are shown in the Fig. 5.16

c and d, respectively. In general, the higher the photolysis temperature, the less

light sensitivity is detected in the Ni-X state. At 140 K, Ni-X had almost no light

sensitivity (Fig. 5.16 b). Therefore, pure Nia-C�–Nia-L� difference spectra were

detected at 160 K (Fig. 5.16 a).

In addition, at 20 K, it is noticeable that the two light-induced states (Nia-L�

and Ni-X-L) are not obtained at the same rate. The Nia-C�–Nia-L� is slightly

faster than the Ni-X/Ni-X-L transition.

Comparison of the IR spectra for enzyme reduced with 100 % H2 at pH 7

vs. pH 8 shows that the relative amount of Ni-C present is pH-dependent with

a larger contribution of Ni-C present at pH 7 (Fig. 5.17 b) than at pH 8 (Fig.

5.17 a). This observation is very similar to what is found for the reduced (1 %

H2) enzyme fromC. vinosum where more Ni-C is formed at pH 6 than at pH

8. The pH dependence of the relative contributions of the Ni-C/Ni-L and Ni-

X/Ni-X-L contributions in the IR difference spectra, allows us to produce a ’pure’

difference spectrum for the Ni-X to Ni-X-L transition by performing a weighted

subtraction of the light induced difference spectra taken at the two pH’s. For

this purpose, since only Nia-L contributes to the intensity at 1910 cm�1 and it

arises only via photolysis of Ni-C, choosing the weighting factor so that the 1910

cm�1 just disappears in the subtraction gives rise to a ’pure’ difference spectrum

between Ni-X and Ni-X-L (Fig. 5.17 c) for photolysis at 20 K. Examination of the

Ni-X/ Ni-X-L difference spectrum (Fig. 5.17 c) clearly shows the ’CO’ band for

the Ni-X state at 1950 cm�1 shifts upwards to 1961 cm�1 upon irradiation at 20 K
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Figure 5.16: Light-dark infrared difference spectra of the enzyme reduced with

100% H2 at a) 160 K; b) 140K; c) 80 K; d) 20 K. Enzyme dissolved in 50 mM

MOPS buffer, pH 7. Light-induced spectra collected after irradiation for 5 min.

512 scans were collected at a spectral resolution of 1 cm�1.



106 5 NiFe Hydrogenase fromA. ferrooxidans

Figure 5.17: Light-dark infrared difference spectra of the enzyme reduced with

100% H2, recorded at 20 K. a) pH 8 (50 mM MOPS); b) pH 7 (50 mM Tris

HCl); c) the ’pure’ Ni-X-L/Ni-X IR difference spectrum formed via weighted

subtraction between spectra in a and b such that the band at 1910 cm�1 disappears.
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while bands arising from the two CN ligands shift downwards slightly. Weighted

subtractions for the 80 K and 120 K difference spectra yielded very similar results.

By comparing the corresponding IR frequencies for the Ni-I to Ni-I-L1 and Ni-X

to Ni-X-L transitions, a difference of only 2 cm�1 is found between them (see

Table 5.2 and Fig. 5.18). This lets us propose a similar configuration of the Ni-I

and Ni-X states. Most likely, these populations give rise to EPR ’silent’ species

which may represent a partially reduced, Ni(II) state (see below).

5.5 Discussion

A. ferrooxidans is an obligate acidophile. Although the high proton concentration

of the environment is seemingly favorable for H2 production, the main function

of the hydrogenase is hydrogen uptake. Under the conditions studied, the specific

H2-uptake rate was about 10 times higher than the specific H2 production rate

(T. de Jongh, B. Bleijlevens and S. P. J. Albracht, unpublished results). Hydro-

genase fromA. ferrooxidans resembles, with respect to its structural properties, a

membrane-bound enzyme while the catalytic properties with respect to the pH op-

timum and artificial electron acceptors make it distinct from hydrogenases tightly

bound to the cytoplasmic membrane. Moreover, it is isolated from the soluble

fraction, exhibits a low turnover number, and is present at a high concentration of

total protein from cells grown with molecular hydrogen. EPR and FTIR showed

that it is similar to the ’standard’ hydrogenases such asD. vulgaris and A. vi-

nosum. Furthermore, the hydrogenase fromA. ferrooxidans also exhibited some

unique properties such as novel light sensitive redox states both in the ’as isolated’

and in the reduced forms (for an overview see Fig. 5.18). In general, there were

more redox states present in the hydrogenase fromA. ferrooxidans as compared

to the ’standard’ enzymes. see (Fig. 5.18). The EPR detectable states are marked
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Figure 5.18: Redox states of the [NiFe] hydrogenase fromA. ferrooxidans
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by asterisks. Pecularities observed both in the ’as isolated’ and reduced enzyme

are discussed below.

5.5.1 Unusual Properties of the ’As Isolated’ State

In the oxidized state (’as isolated’ state of the purified hydrogenase and/or after

oxidation of the hydrogenase or the intact cells by DCIP), the enzyme shows a

rhombic EPR signal (Ni�ox) reminiscent of the Ni-B (’ready’) state ofD. vulgaris

or Ni�r state ofA. vinosum (see Table 5.1) Theg-values slightly deviate from those

in ’standard’ enzymes. This indicates some changes in the electronic structure

of the active site (e.g. slightly different nickel–ligand distances because of the

presence of hydrogen bonds).

Only one EPR detectable form (Ni�
ox) was observed in the oxidized enzyme in

contrast to the ’standard’ hydrogenases where a mixture of Ni-A and Ni-B states

is usually observed under aerobic conditions.

Novel Light-Induced States Niox-L� and Ni-I-L

At low temperatures, the illumination of the oxidized samples caused drastic

changes in EPR and FTIR spectra. Such a light sensitivity of the oxidized state

was observed for the first time in hydrogenases.

A novel light-induced state Niox-L� was detected in the EPR spectrum when

the sample was illuminated at low temperatures followed by a simultaneous de-

crease of the ’dark’ Ni�ox EPR signals. To exclude an artefact caused by enzyme

purification, the EPR measurements were also performed on the intact cells of

A. ferrooxidans taking advantage of the high hydrogenase content therein (T. de

Jongh, B. Bleijlevens and S. P. J. Albracht, unpublished results). The results of

these studies reproduced EPR data obtained for the purified hydrogenase. Thus,

light sensitivity of the oxidizedA. ferrooxidans hydrogenase can be considered as
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a native property of the enzyme. Purification effects can therefore be excluded.

Application of FTIR spectroscopy allowed us to study also the EPR ’silent’

Ni-I state. For this state, two light induced transformations with different rates

and temperature behaviour were detected at low temperatures.

The ’CO’ band in the ’light’ spectra shifts to higher frequencies. This implies

a decrease of the charge density on the iron atom opposite to what is observed

for the Ni-C/Ni-L transformation in reduced hydrogenases. The Ni�
ox–Niox-L�

transformation is much faster than the Ni-C–Ni-L conversion in the reduced hy-

drogenase. A light-induced breakage of a single bond on the nickel atom, e.g. the

one between the nickel and a bridging ligand (see below), might be responsible

for this phenomenon.

The similarities of EPR and FTIR observables in the ’dark’ oxidized state of

the hydrogenase fromA. ferrooxidans to those of the ’standard’ hydrogenases (cf.

Table 5.1) let us propose a similar ligand arrangement in the active [NiFe] center

of this enzyme (see Fig. 2.3). The oxidized state of most hydrogenases is believed

to contain a bridging ligand (O2�/OH�, or S2�/SH�) between the nickel and the

iron atom [15, 17]. If we assume this bridge to betrans to the CO, it might be that

the bridging ligand itself is photolabile in this enzyme. This ligand should have

acceptor properties to enable a decrease of the charge density on the iron atom

caused by illumination.

Spin concentrations of the paramagnetic redox states in the enzyme fromA.

ferrooxidans suggest that the main part of the hydrogenase molecules ’rests’ in an

EPR ’silent’ state. As observed for the hydrogenase fromA. vinosum, substitu-

tion of the bridging ligand by a sulfur atom resulted in a drastic decrease of the

EPR signal intensity as well as the enzyme specific activity (B. Faber and S. P. J.

Albracht, personal communication). If we consider the relatively low spin con-

centrations as well as the low specific activity exhibited by the hydrogenase from
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A. ferrooxidans, we can propose the bridging ligand in this enzyme to be a sulfur

species.

Upon illumination of the sample, a sulfur radical might be formed. An inter-

action of this radical with the nickel site would lead to the reduction of the nickel

to a diamagnetic state. This hypothesis might explain the continuous loss of the

nickel signal intensities during the prolonged illumination of the samples. Dif-

ferent kinetics of this transformation observed by EPR and FTIR may be due to

a two-step reaction where first the nickel–ligand bond is broken following by a

breakage of the iron–ligand bond as shown in Fig. 5.19.

The analysis of the spin concentrations calculated from EPR spectra showed

that only 21% of the enzyme molecules are in the Ni�
ox state, the residual amount

of molecules obviously remains in the EPR ’silent’ state.

FTIR measurements performed on the ’as isolated’ sample confirmed the pres-

ence of two different states called Ni-I and Ni-II in the enzyme with the ’CO’

bands at 1949 cm�1 and 1956 cm�1, respectively. The relative intensities of these

bands (22% : 78 %) indicate the same ratio between the two states present as ob-

tained by EPR. Therefore, the Ni-II state with the weaker IR band at 1956 cm�1

may correspond to the Ni�
ox state, whereas the stronger ’CO’ band at 1949 cm�1

should arise from the EPR ’silent’ Ni-I state.

Upon illumination, both EPR and FTIR show two-step light-induced reactions.

EPR:

1) Decrease of the Ni�ox signals and simultaneous appearance of the Niox-L� state

(fast process, short irradiation, see Fig. 5.4b).

2) Loss of the EPR signal intensity corresponding to the transformation of the

paramagnetic Ni�ox and Niox-L� states into an EPR ’silent’ state (slow process,

prolonged irradiation, see Fig. 5.6 b–d).
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Figure 5.19: Proposed models of the light induced species observed in the oxi-

dized state of the [NiFe] hydrogenase fromA. ferrooxidans.
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FTIR:

Loss of the IR bands at 1951 cm�1 and 1956 cm�1 accompanying by:

1) Light-induced development of the IR band at 1962 cm�1 (fast process, short

irradiation, see Fig. 5.10a).

2) Appearance of the IR band at 1978 cm�1 (slow process, prolonged irradiation,

see Fig. 5.10 b–d).

Considering this and taking into account an assignment of the ’dark’ signals

made above, we can relate the light induced reactions monitored by EPR and FTIR

to each other as follows (see Fig. 5.18):

The EPR ’silent’ state Ni-I characterized by the IR band at 1951 cm�1 is rapidly

transformed upon illumination into the Ni-I-L1 state with the IR band at 1962

cm�1.

For short irradiation, the decrease of Ni�
ox signals observed in EPR complies

with the loss of the IR band at 1956 cm�1. The IR band corresponding to the

appearance of the Niox-L� state is not clearly observed in the FTIR spectrum.

This band might therefore have its stretching frequency close to the band 1962

cm�1 resulting in an overlap.

Upon longer irradiation, the Niox-L� state is transformed into the EPR ’silent’

Ni-I-L 2 state with the IR band at 1978 cm�1. This reaction is consistent with a

loss of the EPR signals and slow development of the IR band at 1978 cm�1.

Light sensitivity was temperature dependent both in EPR and FTIR. If we

compare the light-dark difference spectra shown in Fig. 5.16, less intensity in

both the upward and downward going bands is detected when the temperature

is increased. This suggests that at higher temperatures, the light induced effects

reverse within the measurement time. This is consistent with the presence of the

’dark’ signals in the EPR spectrum after 30 minutes of illumination at T=80 K and

reversibility of the reaction at temperatures above 80 K.
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Spin-Spin Coupling

A. ferrooxidans contains 8.4 iron atoms and one nickel atom per molecule as de-

rived from X-ray fluorescence measurements [34]. If we assume one iron atom

to be integrated into the active site, the seven remaining atoms could be arranged

into one [3Fe-4S] and one [4Fe-4S] clusters. Presence of the [3Fe-4S] cluster was

identified by EPR studies performed in this work (see Fig. 5.2). However, simi-

larly to theA. vinosum hydrogenase [6], no typical broad [4Fe-4S] signals below

g=1.94 were observed in the reduced state of the enzyme.

The low temperature splittings of the EPR lines and the relaxation behaviour

of these ’new’ signals clearly indicate a spin-spin coupling of the [NiFe] active

site with a neighboring paramagnetic center. Similar observations were made by

Albrachtet al. in [115] and [116] for the oxidized state of the [NiFe] hydrogenase

from A. vinosum. [3Fe-4S] cluster was discussed as a possible candidate for the

interaction with the active site. Further, Sureruset al. [117] characterized this

phenomenon by extended multifrequency EPR and M¨ossbauer studies. The au-

thors confirmed the [3Fe-4S] cluster to be involved in this process together with

an unidentified paramagnetic moiety. It was suggested that an additional Fe site

located between the nickel and the [3Fe-4S] cluster may be present in the enzyme

that shuttles between low-spin Fe(III) and low-spin Fe(II) and mediates the in-

teraction. Also a ligand-based oxidation of the [3Fe-4S] cluster or generation of

a nearby radical were discussed. The latter supposition agrees with a presence

of a sulfur bridging ligand in the active site of theA. ferrooxidans hydrogenase

discussed above.

Also an arrangement of the iron-sulfur clusters in theA. ferrooxidans hydro-

genase different to that in ’standard’ enzymes (e.g. the [3Fe-4S] cluster located

close to the active site) might be responsible for the spin-spin interaction. To prove

this, the preliminary amino acid sequence of theA. ferrooxidans kindly provided
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by Prof. Dr. C. G. Friedrich (Universit¨at Dortmund) (in cooperation with Prof.

S. Silver, University of Illinois at Chicago) was analyzed. To localize conserved

cysteine motifs in the small subunit of the hydrogenase as possible binding sites

for iron-sulfur clusters, a homology comparison with the [NiFe] hydrogenases

from D. gigas andR. eutropha was performed using the Multalin program by F.

Corpet [118]. A cysteine motif representing a typical binding site for a [3Fe-4S]

cluster was found in theA. ferrooxidans hydrogenase: C(x)17CxxC. This motif

is highly conserved also inD. gigas hydrogenase [119]. The binding sites of the

[4Fe-4S] clusters in theA. ferrooxidans could not be clearly assigned based on

the sequence. A cysteine motif which might indicate the presence of the [4Fe-4S]

clusters inA. ferrooxidans hydrogenase was found: QxxC(x)20C(x)6C (instead of

HxxC(x)24C(x)5C in D. gigas). A motif similar to the CxxC(x)91C(x)35C motif

in D. gigas was not found in the sequence ofA. ferrooxidans hydrogenase. A

cofactor binding situation deviating from that in ’standard’ [NiFe] hydrogenase

can therefore be assumed. If the iron-sulfur cluster closest to the NiFe active site

would be the [3Fe-4S] instead of [4Fe-4S] inD. gigas, we might suggest the [3Fe-

4S] cluster to be the second paramagnet participating in spin-spin interaction with

the NiFe active center observed in the ’as isolated’ state of the hydrogenase.

5.5.2 Properties of the Reduced State

Nia-C� and Nia-L� states

After reduction of the hydrogenase under hydrogen atmosphere, typical Nia-C�

EPR signals were observed.

The light-induced Nia-C�–Nia-L� transformation associated in ’standard’ hy-

drogenases with the photolysis of the hydrogen species (e.g. a hydride) that is

thought to bridge the nickel and the iron atoms was also observed both in EPR



116 5 NiFe Hydrogenase fromA. ferrooxidans

and FTIR spectra of theA. ferrooxidans hydrogenase (Fig. 5.18). The rate of this

reaction (halftimet1=2=38 s at 6 K) was very similar to the one observed in ’stan-

dard’ hydrogenases. We can therefore assume a hydrogen species bridging the

nickel and the iron being also present in the hydrogenase fromA. ferrooxidans.

However, in contrast to the ’standard’ hydrogenases, the influence of the re-

duced proximal iron-sulfur cluster on the low temperature EPR spectra of Nia-C�

and Nia-L� states inA. ferrooxidans hydrogenase was not as drastic as e.g. in case

of D. vulgaris Miyazaki F. Also here, differences in binding situation and/or redox

behavior of the cofactors might be responsible for this effect.

Novel Intermediate Ni-int� State

The light-induced reaction is reversible in ’standard’ hydrogenases after annealing

of the illuminated samples in the dark at T=200 K. By annealing of the reduced

illuminated sample ofA. ferrooxidans at temperatures below 160 K, a new inter-

mediate light insensitive (Ni-int�) state (see Table 5.4) was observed in the EPR

spectra. Theg-values of this state are close to the Nia-L� state. The Ni-int� state

showed no light sensitivity whereas the usual Nia-C�–Nia-L� transformation took

place upon illumination of the sample at low temperatures. Following incubation

at 200-230 K for 1h or equilibration of the sample under 1% H2 / 99 % He gas

mixture resulted in return of the usual Nia-C* signal.

Light Sensitive Ni-X state

In addition to the usual Nia-C� and Nia-L� states, a novel light sensitive state

designated Ni-X was found by FTIR inA. ferrooxidans hydrogenase. The cor-

responding light induced state called Ni-X-L was observed only at temperatures

below 140 K and showed a temperature dependent light sensitivity. In contrast to

the Nia-C� state, the IR stretching frequency of the Ni-X state shifted upwards.
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Similarities Between Ni-I and Ni-X States

Examination of the light-dark difference spectra of the reduced enzyme indicated

similarities between the Ni-I/Ni-IL1 transition in the oxidized hydrogenase and

the Ni-X/Ni-XL transition in the reduced one. The frequencies of these two states

are very similar differing by only 2 cm�1 (see above). The IR bands of both Ni-I

and Ni-X shifted upwards upon illumination. This suggests that the Ni-I state has

a structure similar to the Ni-X state. To reconcile all these results, we propose

that a photolabile bridging ligand is present in both Ni-I and Ni-X states. These

species give rise to an EPR silent species which may represent a partially reduced,

Ni(II) state. The 2 cm�1 difference between the bands in the Ni-I/Ni-IL transition

and the Ni-X/Ni-XL transition spectra may arise from the reduction of the NiFe

site. This would also be consistent with the fact that in EPR a second state is not

detected upon reduction.

This proposition is supported by the FTIR investigations of the Ni-S�CO state

in the A. ferrooxidans hydrogenase (Z. Chen and K. A. Bagley, unpublished re-

sults). When the reduced hydrogenase was treated with CO, the usual Ni-S�CO

state being light sensitive at low temperature was observed. However, a significant

fraction of enzyme remained in the Ni-X state and was unable to bind CO. This is

consistent with the presence of a bridging ligand which prevents binding of CO.

5.6 Conclusions and Outlook

The electronic structure of the [NiFe] hydrogenase fromA. ferrooxidans was for

the first time studied by EPR and FTIR measurements performed on various redox

states of this enzyme. Results of these studies allow us to propose an active site

with architecture similar to that of the other known hydrogenases. Both oxidized

and reduced samples exhibited EPR signals reminiscent to the ’standard’ [NiFe]
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hydrogenases (e.g.D. vulgaris Miyazaki F or A. vinosum). A set of three IR

bands was observed for each state. This indicates that this enzyme has the active

site NiFe(CN)2(CO). However, compared with other [NiFe] hydrogenases, there

are more possible states present in the oxidized as well as in the reduced enzyme.

Namely, the oxidized state shows a temperature dependence and light sensitivity.

We propose that both the ’as isolated’ and the reduced states of the enzyme

is a Ni(III) species contain a bridging ligand. The bridging ligand is photolabile.

The light-induced states arise from states which either fully or partially liberate

this bridge. The reduced enzyme also has two different light-induced species.

One is the normal Ni-C/Ni-L transition involving a photolabile hydrogen species.

Another is the Ni-X/Ni-XL transition. We propose that the Ni-X state is an EPR

silent Ni(II) species with a bridging ligand similar to the Ni-I state in the ’as

isolated’ enzyme. The Ni-XL state arises from the state, in which photolysis has

liberated the bridging ligand.

Further EPR and ENDOR measurements on the H/D exchanged and isotope

substituted (e.g.17O) samples will allow us to get more insight into the structure

of the bridging ligand in the active site in the [NiFe] hydrogenase fromA. fer-

rooxidans. Investigation of the CO/13CO-binding to the active site of this enzyme

will yield information about the binding site of the reaction substrate. Exami-

nation of illumination influence on the enzyme activity might help to understand

light-induced phenomena in theA. ferrooxidans hydrogenase.
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Conclusions and Outlook

Investigations of the electronic structure of the [NiFe] hydrogenases as well as its

changes during the redox cycle help to understand the mechanism of the reversible

hydrogen oxidation catalyzed by these enzymes. This work aimed to contribute

to these studies by examination of the electronic structure of the active site in

two [NiFe] hydrogenases from different bacterial organisms – sulfate-reducing

bacteriumDesulfovibrio vulgaris Miyazaki F and acidophilic gram-negative bac-

terium Acidithiobacillus ferrooxidans – with magnetic resonance and infrared

spectroscopies.

The membrane-bound [NiFe] hydrogenase fromD. vulgaris belongs to the

’standard’ enzymes. Magnetic resonance experiments performed on the frozen

protein solution and the single crystals allowed us to determine magnitude and

orientation of theg-tensor relative to the atomic structure of the active site for both

oxidized (Ni-A and Ni-B states) and reduced (Ni-C state) enzyme. In addition, the

valuable spatial information about the electronic configuration of the active site,

knowledge of theg-tensor orientation is required for determination of the proton

hyperfine parameters from ENDOR data obtained on protein frozen solution. In

this work, ENDOR measurements were performed on the ’ready’, or Ni-B, state of

119
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the hydrogenase. The observed hyperfine couplings H1 and H2 were assigned to

theβ-CH2 protons of the cysteine Cys549 ligand. ENDOR measurements on the

hydrogenase single crystals will allow full determination of the proton hyperfine

tensors and their assignment to the hydrogen atoms in the vicinity of the nickel.

The spin-spin coupling between the NiFe center and the proximal iron-sulfur clus-

ter observed in the reduced state of the hydrogenase caused a drastic increase of

the relaxation rates and prevented ENDOR measurements. A preparation of a hy-

drogenase sample with the oxidized proximal cluster and the NiFe center reduced

will enable us to solve this problem and to prove the existence of a hydride bridge

in the active enzyme.

The [NiFe] hydrogenase fromA. ferrooxidans was recently purified and showed

some unique characteristics. Within the framework of this thesis, this enzyme was

for the first time investigated by EPR and FTIR spectroscopies with the aim to

examine whether its active site has a structure similar to other known hydroge-

nases. Results of these studies showed that the active site of theA. ferrooxidans

hydrogenase has a structural configuration similar to the ’standard’ hydrogenases:

NiFe(CO)(CN)2. However, this enzyme also exhibited some unusual properties.

Light sensitivity and spin-spin coupling to the proximal cluster in the oxidized

hydrogenase as well as a novel intermediate reduced redox state were discovered

by EPR spectroscopy. FTIR studies also showed the presence of a novel light

sensitive redox states both in the oxidized and reduced states. The observed fea-

tures might be explained by the presence of a photolabile bridging ligand in the

active site of this hydrogenase. EPR and ENDOR experiments performed on H=D

exchanged and33S or17O substituted samples will help to reveal the structure of

this ligand.

In general, the combined application of experimental and theoretical methods

employed in hydrogenases research – magnetic resonance and infrared spectro-
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scopies, X-ray structural analysis, molecular biological studies, DFT calculations

– provides a key to the ’decoding’ of the mechanism of hydrogen activation reac-

tion catalyzed by hydrogenase enzymes.
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Chapter 7

Zusammenfassung und Ausblick

[NiFe] Hydrogenasen sind Metalloenzyme, welche die reversible Umsetzung des

molekularen Wasserstoffs katalysieren. Eine zentrale Rolle bei dieser Reaktion

spielt das katalytische Zentrum, das in den [NiFe] Hydrogenasen einen hetero-

bimetallischen Nickel-Eisen Komplex darstellt. Der genaue Reaktionsmechanis-

mus ist noch nicht vollst¨andig aufgekl¨art.

Das Ziel der vorliegenden Dissertation ist es, einen Beitrag zum Verst¨andnis

der Struktur-Funktionsbeziehungen und des Reaktionsmechanismus in den [NiFe]

Hydrogenasen aus verschiedenen bakteriellen Organismen zu leisten. Einen großen

Vorteil bringt die Charakterisierung des Enzyms mit Hilfe von verschiedenen

komplement¨aren Untersuchungsmethoden wie magnetischer Resonanz und Infrarot-

Spektroskopie.

Im Rahmen dieser Arbeit wurde das katalytische Zentrum in den [NiFe] Hy-

drogenasen aus zwei verschiedenen Mikroorganismen –Desulfovibrio vulgaris

Miyazaki F undAcidithiobacillus ferooxidans – untersucht. Beide Bakterien sind

am Schwefel-Zyklus beteiligt.Desulfovibrio Bakterien reduzieren Sulfat-Ionen

zu Schwefelwasserstoff (nat¨urliche Reduktion); die Hauptfunktion des Stammes

Acidithiobacillus ist die Oxidation des Schwefels und/oder der Sulfide f¨ur die Pro-

123
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duktion von energiereichen Equivalenten (nat¨urliche Oxidation). [NiFe] Hydro-

genasen sind in diese Prozesse eingebunden und aus diesem Grund ein wichtiger

Bestandteil des bakteriellen Metabolismus.

Charakterisierung der membrangebundenen Hydrogenase ausDesulfovib-

rio vulgaris Miyazaki F

Die elektronische Struktur des aktiven Zentrums wurde mittels EPR-Spektro-

skopie sowohl an der gefrorenen Proteinl¨osung als auch an den Hydrogenase-

Einkristallen in verschiedenen Redoxzust¨anden des Enzyms untersucht. Es wur-

dencontinuous wave und gepulste EPR Verfahren eingesetzt, um die r¨aumlichen

Informationen ¨uber die elektronische Struktur des katalytischen Zentrums in den

oxidierten, inaktiven Zust¨anden (Ni-A und Ni-B) sowie im reduzierten, aktiven

Zustand (Ni-C) der Hydrogenase-Einkristalle zu erhalten. Die Orientierung desg-

Tensors relativ zu der atomaren Struktur der aktiven Site wurde f¨ur diese Zust¨ande

durch den Vergleich von experimentell erhalteneng-Tensoren mit der hochaufge-

lösten Röntgenstruktur (1.8̊A f ür den oxidierten und 1.4̊A f ür den reduzierten

Zustand des Enzyms) bestimmt.

In allen Zuständen der Hydrogenase liegt ein 3d1
z2 Grundzustand vor. In den

Ni-A und Ni-B Zuständen wurde eine ¨ahnliche Orientierung desg-Tensors fest-

gestellt. Beide Zust¨ande unterscheiden sich durch dengy-Wert. Dies könnte durch

eine leichte strukturellëAnderung, z.B. Protonierung eines Nickel-Liganden (in

der verbrückenden Position zwischen dem Nickel und dem Eisen) erkl¨art werden.

Ni-A und Ni-B Zustände unterscheiden sich auch in der Rate der reduktiven

Aktivierung. Ein protonierter Br¨uckenligand (z.B. ein Schwefelion wie SH� im

Fall von D. vulgaris) könnte eine Bindungsstelle f¨ur das Proton, nachdem das

Wasserstoff-Molek¨ul heterolytisch gespalten wurde, darstellen. Die k¨urzlich pub-

lizierten Daten der R¨ontgenstrukturanalyse des reduzierten Zustandes der Hydro-

genase zeigten, daß die Elektronendichte, die mit der Schwefelbr¨ucke assoziiert
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wurde, nicht mehr nachgewiesen werden konnte. Ein SH�-Ligand im Ni-B Zu-

stand könnte leichter dissoziiert werden als S2� im Ni-A Zustand. Diese An-

nahme ist konsistent mit der schnelleren Aktivierung vom Ni-B Zustand unter

Wasserstoff-Atmosph¨are.

Die Bestimmung derg-Tensor Orientierung im reduzierten Zustand (Ni-C)

der Hydrogenase hat es erm¨oglicht, eine eventuellëAnderung der elektronischen

Struktur des aktiven Zentrums w¨ahrend der Wasserstoff-Aktivierung festzustellen.

Vorläufige Ergebnisse dieser Studien lieferten folgende Orientierung desg-Tensors:

Die Lage dergz Achse istähnlich der im oxidierten Zustand des Enzyms, w¨ahrend

die gx undgy Achsen ihre Orientierung vertauschen. Die erhaltene Orientierung

stimmt mit der aus DFT-Rechnungen bestimmten Lage desg-Tensors gut ¨uberein.

Das Einfrieren der Einkristalle hatte keinen Einfluß auf die elektronische Struk-

tur der aktiven Site. Es erlaubt eine Anwendung der ENDOR-Spektroskopie bei

tiefen Temperaturen, um die Hyperfeintensoren zu bestimmen. Zusammen mit

den Messungen an H/D-ausgetauschten Proben k¨onnte durch diese Experimente

der angenommene strukturelle Unterschied zwischen Ni-A und Ni-B gepr¨uft wer-

den.

Orientierungsselektive ENDOR-Studien am Ni-B Zustand lieferten die Hy-

perfeinkopplungsparameter, die mit denen f¨ur die ’Standard’-Hydrogenase aus

Allochromatium vinosum sehr gutübereinstimmen. Dementsprechend wurden

die Protonenhyperfeinkopplungen H1 und H2 zu denβ-CH2-Protonen vom ver-

brückenden Cystein Cys549 zugeordnet.

In der reduzierten Hydrogenase wurde die Spin-Spin-Kopplung zwischen dem

NiFe Zentrum und dem benachbarten [4Fe-4S] Cluster beobachtet. Relaxation-

szeiten des spingekoppelten Systems haben sich drastisch verk¨urzt, was den Ein-

satz von ENDOR-Techniken schwierig macht. Die Pr¨aparation einer Probe mit

dem reduzierten NiFe Zentrum und dem nichtreduzierten Eisen-Schwefel-Cluster
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könnte zur Lösung des Problems beitragen.

Die Beobachtungsgr¨oßen –g- und Hyperfein-Tensoren – k¨onnen aus den DFT-

Rechnungen bestimmt und mit denen aus den EPR-Experimenten erhaltenen Werten

verglichen werden. Dies stellt eine Grundlage f¨ur das Verst¨andnis des Reaktons-

mechanismus der Wasserstoffaktivierung durch die [NiFe] Hydrogenase dar.

EPR und FTIR Studien an verschiedenen Redoxzuständen der [NiFe] Hy-

drogenase ausAcidithiobacillus ferrooxidans

Die elektonische Struktur der [NiFe] Hydrogenase ausAcidithiobacillus fer-

rooxidans wurde erstmals mittels EPR- und FTIR-Studien in verschiedenen Re-

doxzuständen der Hydrogenase untersucht. Die Ergebnisse dieser Studien haben

es erlaubt, eine Architektur des aktiven Zentrums anzunehmen, welche der von

’Standard’-Hydrogenasen ¨ahnelt. Sowohl die oxidierten als auch die reduzierten

Enzymproben zeigten die EPR Signale, die beinahe identisch zu denen der Hydro-

genase ausD. vulgaris sind. Ein Satz aus drei Infrarotbanden wurde f¨ur jeden Zus-

tand des Enzyms beobachtet. Aufgrund dieser Ergebnisse kann eine NiFeCO(CN)2

Konfiguration des aktiven Zentrums angenommen werden. Es wurden jedoch

einige Redoxzust¨ande des Enzyms beobachtet, die in den ’Standard’-Hydrogenasen

nicht vorkommen. Der oxidierte Zustand der Hydrogenase zeigte eine Lichtempfind-

lichkeit. Anhand der EPR- und FTIR-Ergebnisse k¨onnte spekuliert werden, daß

sowohl für das oxidierte als auch f¨ur das reduzierte Enzym ein Ni(III) Zustand

vorliegt, in dem ein photolabiler verbr¨uckender Ligand vorhanden ist. Die lichtin-

duzierten Zust¨ande kommen durch die vollst¨andige oder partiale Dissoziation

dieses Liganden zustande. Die reduzierte Hydrogenase wies ebenfalls zwei lichtin-

duzierte Zust¨ande vor. Der erste ist die typische Ni-C/Ni-L Transformation, die

eine photolablie Wasserstoff-Spezies involviert. Die zweite ist eine Ni-X/Ni-X-L

Transformation, wobei der Ni-X Zustand einem diamagnetischen Ni(II) Zustand
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entspricht, der dem Ni-I Zustand im oxidierten Enzym sehr ¨ahnlich ist.

Weitere EPR und ENDOR Experimente an den H/D ausgetauschten und iso-

topensubstituierten (z.B.17O) Proben werden es erm¨oglichen, mehr Informatio-

nenüber die Natur des Br¨uckenliganden zu erhalten. Die Untersuchung der CO/13CO-

Bindung an die aktive Site des Enzyms wird wertvolle Informationen ¨uber die

Bindungsstelle des Reaktionssubstrates liefern. Die Untersuchung des m¨oglichen

Lichteinflusses auf die Aktivit¨at des Enzyms k¨onnte zum Verst¨andnis der Lichtempfind-

lichkeit in der Hydrogenase ausA. ferrooxidans beitragen.
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