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Abstract

Stefanie Foerster:
Spectroscopic Investigation of the Active Site of [NiFe]-Hydrogenase: A Contribution to the Elucidation of
the Reaction Mechanism
Hydrogenasen katalysieren die reversible Oxidation von Wasserstoff zu Protonen. Diese Metalloenzyme spie-
len eine bedeutende Rolle im Energiestoffwechsel vieler Organismen. Die zentrale Fragestellung dieser Arbeit
war die Aufkärung der elektronischen und molekularen Struktur des aktiven Zentrums in seinen verschiedenen
paramagnetischen Redoxzuständen, die mit Ni-A, Ni-B, Ni-C und Ni-L bezeichnet werden. Für ein tiefergehen-
des Verständnis des Katalysemechanismus’ ist die Lokalisation des Wasserstoffes in der Umgebung des aktiven
Zentrums von Bedeutung, da diese Daten nicht durch Methoden der Röntgenstrukturanalyse zugänglich sind.
Mit Hilfe der verschiedenen Methoden der Elektronen-Paramagnetischen-Resonanz (EPR) Spektroskopie kon-
nten die Antworten auf diese Fragestellung gefunden werden. In der vorliegenden Arbeit wurden die Standard
[NiFe]-Hydrogenase aus D. vulgaris Miyazaki F und die regulatorische [NiFe]-Hydrogenase aus R. eutropha un-
tersucht. Nach den bisher bekannten Ergebnissen biochemischer und biophysikalischer Untersuchungen sind die
Übergangsmetallcluster dieser beiden Hydrogenasen sehr ähnlich aufgebaut: Sie bestehen beide aus einem heter-
obimetallischen Nickel-Eisen-Zentrum, das durch vier Cysteine an die Proteinmatrix verankert ist und am Eisen
ausserdem durch drei anorganische Liganden koordiniert wird. Diese Tatsache erlaubt den direkten Vergleich
dieser beiden Enzyme, trotz ihrer physiologisch unterschiedlichen Aufgaben.

Der g-Tensor des aktiven Zentrums läßt direkte Rückschlüsse über dessen elektronische Struktur zu. In
dieser Arbeit wurden die g-Tensor Orientierungen der Hydrogenase aus D. vulgaris Miyazaki F im Ni-C und
im Ni-L Zustand mit Einkristall-EPR Untersuchungen bestimmt. Die ausgezeichnete Achse des Tensors, g3,
bleibt im Vergleich zu den oxidierten Zuständen sowohl im Ni-C Zustand als auch Ni-L Zustand weitestgehend
erhalten, trotz der stark unterschiedlichen g-Tensorhauptwerte des Ni-L. Die g1 und g2 Achsen sind jedoch im
Ni-C und Ni-L Zustand gegenüber den oxidierten Zuständen vertauscht. Die Grundzustände von Ni-C und Ni-L
werden, wie auch von Ni-A und Ni-B, am besten durch einen formalen 3d1

z2 Grundzustand beschrieben, dessen
Vorzugsrichtung durch g3 gekennzeichnet ist. Im Ni-L Zustand ist jedoch ein nicht zu vernachlässigender Teil
der Spindichte auf das 3dx2 � y2 Orbital verschoben.

Mit Hilfe von 61Ni Isotopenmarkierungen konnten die Hauptwerte der Hyperfeinkopplungen der Ni-A, Ni-
B, Ni-C und Ni-L Zustände der D. vulgaris Miyazaki F Hydrogenase bestimmt werden. Die Grösse der Hy-
perfeinaufspaltung weist auf eine starke Delokalisation der ungepaarten Spindichte auf die Liganden in allen
untersuchten Zuständen hin.

Hyperfine sublevel correlation-(HYSCORE)-spektroskopische Untersuchungen an der H/D-ausgetauschten
D. vulgaris Miyazaki F Hydrogenase zeigten, dass im Ni-B Zustand der äquatoriale Brückenligand protoniert ist.
Die Ergebnisse der 17O Austauschexperimente deuten darauf hin, dass es sich hier um ein Hydroxid- und nicht
wie bisher vermutet, um einen Sulfhydrylliganden handelt. Ausserdem wurden die vollständigen Hyperfein- und
Quadrupolkopplungstensoren des N(ε) von His88, einer Aminosäure die relativ nah am aktive Zentrum gebunden
ist, für Ni-A und Ni-B bestimmt.

Im Ni-C Zustand konnte erstmals der komplette Hyperfeintensor des stark anisotrop gekoppelten H/D aus-
tauschbaren Substratwasserstoffs (Hydrids) für eine Standard [NiFe]-Hydrogenase mit Hilfe von HYSCORE
Spektroskopie bestimmt werden. Als Bindungsort wurde die verbrückende Position zwischen dem Nickel und
dem Eisen bestimmt. Genau dieses Hydrid wird durch Beleuchtung der Probe abgespalten, was mit den ent-
sprechenden HYSCORE spektroskopischen Untersuchungen bewiesen werden konnte. Durch Analyse von ori-
entierungsselektierten ENDOR Spektren des Ni-C und Ni-L Zustandes der D. vulgaris Miyazaki F Hydroge-
nase konnten Hyperfeintensoren zu Protonen der Cysteinliganden zugeordnet werden. Die Richtungen und die
Grössen der Hyperfeintensorhauptwerte im Ni-C Zustand sind dabei denen des oxidierten Zustandes sehr ähnlich.
Im Ni-L Zustand hingegen sind die experimentell bestimmten Hyperfeinkopplungskonstanten in Richtung des
3dz2 Orbitals stark verkleinert. Dieser Befund zeigt, dass der Ni-L Zustand einen grösseren Anteil an 3dx2 � y2

Orbitalspindichte besitzt als die anderen untersuchten Zustände. Der ebenfalls untersuchte Ni-L Zustand der R.
eutropha Hydrogenase zeigt ein dazu analoges Verhalten.
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Vorträge auf wissenschaftlichen Tagungen

1. M. Brecht, M. Stein, S. Foerster, T. Buhrke, B. Friedrich and W. Lubitz ”EPR, ENDOR and

ESEEM Studies of Hydrogenase: New Insights into the Mechanism of Biological Hydrogen

Conversion.” Joint Meeting of French and German Biophysicists, Hünfeld, 24-27 Mai 2001.

2. M. Brecht, M. Stein, S. Foerster, T. Buhrke, B. Friedrich and W. Lubitz ”EPR, ENDOR and

ESEEM Studies of the Regulatory Hydrogenase from Ralstonia eutropha.” COST 841, Working

group 1, Reading, UK, 29. März - 1. April 2001.



VI

3. W. Lubitz, M. Stein, S. Foerster, M. Brecht, F. Lendizan, Y. Higuchi ”EPR and DFT Studies

on Hydrogenase: Elucidating the Mechanism of Biological Hydrogen Conversion.” 9th Chianti

Workshop on Magnetic Resonance, Tirrenia (Pisa), Italien, 26. Mai - 1. Juni, 2001.

Weitere Publikationen

1. Einsle O., Foerster S., Mann K., Fritz G., Messerschmidt A., Kroneck P.M.H. ”Spectrocopic In-

vestigation, Reactivity and Structure Determination of the Tetraheme Cytochrome c3 from Desul-

fovibrio desulfuricans Essex 6” Eur� J � Biochem � , 268:3028–3035, 2001.

Weitere Konferenzbeiträge
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Chapter 1

Introduction: Hydrogen as a Source of

Energy

“Yes, my friends, I believe that water will someday be employed as a fuel, that hydrogen and oxygen,

which constitute it, used singly or together, will furnish an inexhaustible source of heat and light... I

believe, then, that when the deposits of coal are exhausted, we shall heat and warm ourselves with

water. Water will be the coal of the future.” This was envisaged as early as the time of Jules Verne [1].

He likely was inspired by two earlier discoveries: In 1800 Nicholson and Carlisle were the first who

decomposed water with the electrical pile generating hydrogen and oxygen gas and 35 years later Sir

William Grove built a device that would combine O2 and H2 in a reversal reaction to produce electricity.

The latter discovery represents the world’s first gas battery, the fuel cell. However, for more than 150

years, it has virtually gathered dust on the shelves of laboratories. Hitherto, this technology has found

very specialized uses like serving as an electricity source for spacecraft. Now, however, the conditions

have changed drastically in favor of low- or zero-emission technologies. In the Kyoto protocol signed

in December 1997 the world’s major industrialized nations1a agreed to cut their rates of carbon dioxide

emissions by the year 2010. The carbon tax, a tax on the carbon dioxide released from any given energy

source, is one possible method of overcoming the price difference between carbon dioxide emitting and

the still more expensive non-emitting energy sources.

Hydrogen gas is thought to be the ideal fuel in order to alleviate air pollution, arrest global warm-

ing, and protect the environment in an economically sustainable manner (for a perspective see [2]).

Due to its high energy content, hydrogen gas makes an interesting energy carrier. The direct combus-

tion of hydrogen and oxygen (Knallgasreaktion) is highly energetic and has an enthalpy balance of

-285.83 kJ/mol H2O (l) [3]. However, the homolytic cleavage of hydrogen needs an energy of about

436 kJ/mol [3] and thus prevents a reaction at ambient temperatures without a catalyst. In fuel cells,

hydrogen and oxygen react not in a direct combustion but in a cold electrolyte mediated process (Figure

1aUnfortunately, the US as the biggest industrialized country retreated from the protocol in 2001.
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Figure 1.1: Schematic representation of a fuel

cell. It consists of an electrolyte sandwiched

between two electrodes. When a fuel (hydro-

gen) is passed over the anode, it is ionized to

protons and electrons with the assistance of a

catalyst. The electrons are passed to the cath-

ode where they will be combined with the oxi-

dant (oxygen) and the protons transfered to the

electrolyte to form the exhaust (water). This

electric current is used to provide power. De-

pending on the fuel cell type high thermody-

namic efficiencies of actual 55 - 60 % are of-

fered [4].

1.1) and unlike batteries, they are almost endlessly rechargeable. These electrochemical cells consti-

tute an attractive power-generation technology that converts chemical energy into electricity letting fuel

(hydrogen, hydrocarbons or alcohols) react directly and with high efficiency with an oxidant (oxygen)

while causing little pollution [4]. When pure hydrogen is used in these cells, the combustion product is

just water. Other types start with natural gas being converted prior to combustion to hydrogen. These

cells additionally produce carbon dioxide - but less than would be created if the fuel was burned in a

conventional way. However, there are still limitations to overcome which prevent a wider use of this

technology. One is given by the difficulties in storing the flammable, low-density gas and the other is

due to the high prices of the catalysts: traditional cells employ precious-metals like platinum in order

to operate at reasonable temperatures [4]. Further concepts need to be developed decreasing the costs

of fuel cell production to make them competitive in the mass market. One way could be mimicking

nature’s way of activating hydrogen.

Hydrogen is not only the simplest, naturally occurring atom but also the most abundant of all the

elements accounting for three-fourths of the universe’s mass. On Earth, it is mostly found chemically

bound to other elements and can be extracted from many materials - natural gas, methanol, coal, bio-

mass and water. The Earth’s early atmosphere most likely was a reducing one, in which hydrogen pre-

dominated. Already for billion of years, microorganisms have taken advantage of hydrogen as a fuel by

the aid of a group of enzymes, the so called “hydrogenases”. These enzymes are among the oldest ones

demonstrating that early life forms had developed an effective way of activating molecular hydrogen

at ambient temperature and pH [5]. The fact that bacteria are able to consume and produce molecular

hydrogen was discovered about a century ago by Hoppe-Seyler. In 1931 Stephenson and Stickland

described an enzyme being responsible for these processes and consequently named it hydrogenase [6].

However, as it turned out in the following, hydrogenases are an extremely heterogeneous group of en-

zymes that differ with respect to their molecular weights, their subunit and cofactor composition, and
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their specificity towards electron acceptors and donors [7]. (For a concise overview, please, see Chapter

2.) The reduction of protons to hydrogen serves to dissipate excess reducing equivalents within the

cell. The produced hydrogen gas is usually taken up directly by hydrogen consumers within the same

ecosystem. The hydrogen-uptake reaction delivers protons and electrons. Accumulating protons in a

cell compartment generates a proton gradient within the cell that subsequently is used to produce ATP

(adenosine triphosphate), the free energy carrier of the cell. These organisms use the reducing power

of hydrogen to drive metabolic processes [8, 9]. Hydrogen bacteria (Knallgas bacteria), for example,

can even grow autotrophically with hydrogen gas as sole reducing power and energy substrate [9]. It

is estimated that 200 million tons of hydrogen per year are cycled within anoxic habitats (to a smaller

extent also in oxic ones) [10]; the earth’s atmosphere, however, only harbors some 5.3 � 10
� 5 Vol-%

hydrogen [11].

During evolution, nature has learned to use many different elements as natural constituents of pro-

teins and enzymes, exploiting their special properties to enable performance of the specific functions

and reactions necessary for almost all life processes. Accordingly, the cofactors of an overwhelming

majority of hydrogenases are composed of abundant elements such as iron, sulfur, and in some cases

nickel.1b The gradual adaptation of hydrogenases on changing environmental conditions is demon-

strated by the presence of different classes of this enzyme. As a result of the global redox-cycle of

about the last three billion years a successive conversion from a hydrogen-rich to an oxygen-rich atmo-

sphere has taken place necessitating a modification of hydrogenases to enzymes that are more oxygen

tolerant than the early forms. Employing nickel as a catalyst for hydrogen activation fulfills this re-

quirement but at the same time a slight loss of enzymatic activity with respect to an iron-only cofactor

had to be taken [13].

The study of the structure and function of inorganic elements arranged in biological macromolecules

is one of the most important fields in science today, considering the enormous potential applications of

these natural catalysts in e � g � nutrition, medicine, industry, and last but not least in aspects of energy.

Especially in connection with the latter, hydrogenases have attracted great attention due to their fun-

damental importance for the energy balance in major domains of life. This opens future perspectives

for the development of technologies that use H2 as a source of non-polluting energy. Accordingly, new

achievements are expected in the chemistry of model compounds mimicking the hydrogenase activ-

ity. However, up to now only one nickel thiolate complex with a hydrogen-uptake activity has been

reported [14]. Thus, the knowledge of the structure and function of nature’s catalysts, the active sites

of hydrogenases, will not only help to achieve a comprehensive understanding of elementary reaction

steps of its catalytic mechanism that still is not completely elucidated. Moreover, it might also provide

valuable concepts in the design of less expensive catalysts for fuel cells in the future. This is an area

1bThe nature’s choice of nickel being a constituent of enzymes is peculiar regarding the natural abundance of this element.

However, in the early reducing earth atmosphere metals would have been present as sulfides and nickel sulfide is among those

transition metal sulfides with the largest solubilities [12].
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that will challenge the still limited ability to design molecules that have useful and tunable catalytic

properties by learning from nature. Biological macromolecules, such as the hydrogenase, which are

essential for the redox process of hydrogen conversion can contain thousands of atoms and only a small

part of the biomolecule, called the active site, is directly involved. Both the kinds of atoms composing

the active site, and the manner in which they are arranged, produce the molecular environment that

enables hydrogenases to play their vital role. Electron paramagnetic resonance spectroscopy has been

proven in many cases to be a powerful method unraveling the structure of metalloproteine’s active sites.

It is a unique tool to determine the electronic and spatial structure of paramagnetic species, since it di-

rectly focuses on the unpaired electron spins and their closest vicinity. Applying the various techniques

offered by paramagnetic resonance spectroscopy, the electronic as well as the spatial structure active

sites of nickel-containing hydrogenases and the interaction with its immediate environment have been

studied thoroughly in the work presented here. By doing this, the present study aims to contribute to

the ongoing research in the field of hydrogenases and filling the gap between structural information as

offered by X-ray structure analyses, theoretical approaches (DFT-calculations) and biochemical studies.
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Chapter 2

Hydrogenases

This chapter focuses on the description of the structure and composition of the [NiFe]-hydrogenase

enzyme and the motivation for this particular research.

2.1 Variety of Hydrogenases

Hydrogenases comprise a fundamental group of bacterial enzymes that catalyze the reversible oxidation

of molecular hydrogen to protons and, thus, play a vital role in anaerobic metabolisms of a wide variety

of microorganisms [15]. In many anaerobes that use H2 as a source of energy, hydrogenases couple H2

oxidation to the reduction of electron acceptors such as carbon dioxide, sulfate, or sulfur [9]. The latter

two possess a central function in the energy generating mechanisms of sulfate reducing bacteria of the

genus Desulfovibrio.

Three phylogenetically distinct classes of hydrogenases have been characterized which can be dis-

tinguished by their metal content: the nickel-iron ([NiFe]) hydrogenases [8, 15–17], including the sub-

family of the nickel-iron-selenium ([NiFeSe]) hydrogenases [18], the iron ([Fe]) hydrogenases [19–21],

and the ’metal-free’ hydrogenases [10, 22]. Among those [NiFe]-hydrogenases represent the largest

class. Some bacteria contain two or more different hydrogenases, localized in different cell compart-

ments. Their function (hydrogen uptake or release) is often associated with their respective localization

in the cell. The multiplicity of hydrogenases in such organisms demonstrates the importance of hydro-

gen in their metabolism. Moreover, it ensures a rapid and efficient response to variations in energetic

needs under changing growth conditions.

2.2 Structures of [NiFe]-Hydrogenases, a member of the hydrogenase

family

The standard [NiFe]-hydrogenase consists of a large conserved subunit (60 kDa), which contains the

active site buried right in the center of the � 60 Å sized enzyme [23,25]. A small subunit harbors up to



6 2.2 Structures of [NiFe]-Hydrogenases, a member of the hydrogenase family

p m d

a

redox

Cys81

Cys549

Cys546

Cys84

Cys81

Cys549

Cys546

Cys84

Figure 2.1: X-ray crystallographic structure of the heterodimeric [NiFe]-hydrogenase from D. vulgaris

Miyazaki F [23]. Right: The large subunit (bottom, green) contains the NiFe active site (a) and the small

subunit (blue, top) three iron-sulfur clusters, the proximal (p) and distal (d) [4Fe-4S]-cluster, and the

median (m) [3Fe-4S]-cluster.2 � 2a Inset: 2Fo-Fc electron density map and atomic structure of the active

site of D. vulgaris Miyazaki F as obtained from X-ray structure analysis. (Ni: green, Fe: pink, Cys:

yellow, diatomics: blue, bridge: violet). Left inset: The oxidized state [23] results from a mixture of

the Ni-A, the Ni-B and probably the oxidized EPR silent state Ni-Si. Right inset: The reduced state

(probably a mixture of Ni-C and Ni-R) [24], the third bridging ligand is lost upon reduction.

three iron-sulfur clusters [7,8], depicted in Figures 2.1 and 2.3.2.2a X-ray crystallographic studies of the

oxidized enzyme from Desulfovibrio (D.) gigas [25, 27], D. vulgaris [23], D. fructosovorans [28], and

D. desulfuricans ATCC27774 [29] have revealed details of the heterobimetallic catalytic center (Fig.

2.1). The nickel atom is coordinated by the sulfur atoms of four cysteine residues. Two of them act as

a bridge between the metals, and two of them are bound to Ni as terminal cysteines. The other metal

atom was shown to be iron by accurate metal content analyses [27, 30]. The X-ray structure indicated

that this iron is further ligated by three inorganic diatomic ligands [23, 25, 27–29]. They have been

identified by FTIR spectroscopy as one CO and two CN
�

for the hydrogenases from Allochromatium

(A.) vinosum and D. gigas [31, 32]. On the basis of X-ray structure and mass spectrometric analyses,

one SO, one CO, and/or CN
�

have been proposed as ligands for the hydrogenase from D. vulgaris

Miyazaki F [23, 24, 33]; however, FTIR spectroscopic investigations revealed only the presence of

CN
�

and CO [33].

In the as-isolated, that is oxidized enzyme, a third bridging ligand X between the nickel and the iron

atom was found whose chemical nature is still a matter of debate. The small ligand may be either an

oxygen, as discussed in refs [25, 34, 35] or a sulfur species [23, 29]. The latter assignment is based on

2.2aFor most X-ray structure images the program MOLSCRIPT has been used [26].



Hydrogenases 7

Figure 2.2: Model of the active site of [NiFe]-

hydrogenases.2 � 2a The bridging ligand X is sup-

posed to be an oxygenic [25,35] or sulfuric [23]

species in the oxidized states and a hydrogenic

species in the reduced Ni-C state [37, 38]. The

ligands at the iron site are supposed to be ei-

ther one CO and two CN
�

[31, 32] or one SO,

one CO and/or CN
�

[23,24,33] (see text). The

arrow points to the sixth unoccupied ligand po-

sition. The cysteine residues are truncated for

clarity.

Cys81

CO/CN

Cys549 Cys84

Fe

Ni

X

CN/COCN/CO/SO

Cys546

the long ligand-metal distance, the bond angle of only 97
�

, and the temperature factor which attains a

reasonable value when sulfur is taken for the structure refinement [23, 29]. The coordination geometry

of the nickel ion in the oxidized state can best be described as a slightly distorted octahedron with

one unoccupied ligand position. In the reduced enzyme the bridging ligand is absent in the X-ray

structure [24, 36] (see Figure 2.1).

Standard hydrogenases, for the most part, contain two [4Fe-4S]- and one [3Fe-4S]-cluster in the

small subunit, shown in Figures 2.1 and 2.3. However, variations of the FeS-cluster content of the

[NiFe]-hydrogenases have been reported (see e.g. [39–42]). The [4Fe-4S]-cluster that is proximal to

the active site is thought to be essential for H2 activation in [NiFe]-hydrogenases [7, 8, 25]. It is con-

served among most [NiFe]-hydrogenases and like standard iron-sulfur clusters bound by four cysteine

residues. The distal cluster shows a peculiarity, a cysteine is replaced by a histidine, which is conserved

throughout standard [NiFe]-hydrogenases that carry a third FeS-cluster [23, 25]. The arrangement and

the intercenter distances of the clusters suggest a possible electron pathway to the respective physio-

logical electron transfer proteins [25], e.g. a b- or c-type cytochrome [7, 29]. However, the impact of

the remarkably high midpoint potential of the median [3Fe-4S]-cluster still remains unclear and casts

doubt about its involvement in electron transfer. Calculations using the organic glass model of protein-

mediated electron transfer considering the closest distance of the cysteine-sulfur ligands of the two

[4Fe-4S]-clusters result in maximal electron transfer rates orders of magnitude higher than the maximal

turnover rate of the [NiFe]-hydrogenase [25]. It was thus not a surprising result that the replacement

of the [3Fe-4S]-cluster by means of site-directed mutagenesis by a [4Fe-4S]-cluster had only minor

effects on the catalyic activity of the hydrogenase [28]. This finding indicates that if the median cluster

is involved in the electron transfer, then electron transfer is not the rate limiting step in the catalytic

reaction and if not, then this cluster merely contributes to stabilizing the protein structure.

X-ray structure analysis of Xe gas treated hydrogenase crystals revealed the existence of hydropho-
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Figure 2.3: (Top) Cofactor arrangement and intercenter distances of the clusters in the hydrogenase

from D. vulgaris Miyazaki F [23]. The arrangement and the proximity of the transition metal clus-

ters may indicate an electron transfer pathway from the active site to the distal iron-sulfur cluster.2 � 2a

(Bottom) Midpoint potentials of the redox centers [44–50] vs. relative intercenter distances [23] in

[NiFe]-hydrogenases from Desulfovibrio genus. The midpoint potentials of the [4Fe-4S]-clusters can-

not be assigned to a respective cluster in the structure. Therefore the values in the diagram include the

range between both measured midpoint potentials.

bic (gas) channels and “gas reservoirs” [43]. Furthermore, molecular dynamics simulations of Xe

and H2 diffusion processes suggested that these channels serve as a gas access to the enzyme’s active

core [43]. The gas molecules reach the active site in about the direction depicted in Figure 2.3, possibly

from the open coordination site (see Figure 2.2). These results provide an indication for the attachment

of the substrate to the active site, the first step prior to the hydrogen cleavage.

2.3 Redox States of the Cofactors of [NiFe]-Hydrogenases

The [NiFe]-Center During catalysis, the hydrogenase cycles through various redox states and several

of them are paramagnetic. FTIR spectroscopy allows limited insight into the various states of [NiFe]-
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Figure 2.4: Scheme summarizing the redox chemistry and the different accessible states of the cofac-

tors of the [NiFe]-hydrogenase. The indices u,r,a denote unready, ready and active, respectively. Left:

A successive lowering of the redox potential results in a transition from the Ni-A/Ni-B states to the

completely reduced state Ni-R. The number of electrons and protons consumed in the processes have

been determined by redox titrations [32, 52–54]. Right: The active center is given by the rectangle

with rounded corners. The formal oxidation states of the active site are given in Roman numbers. The

rectangle denotes the [4Fe-4S]-clusters and the triangle the [3Fe-4S]-cluster, open symbols stand for

oxidized states and filled for reduced states. Asterisks sign the paramagnetic (S=1/2) states.

hydrogenases without the requirement of paramagnetism. Frequency shifts of the absorption bands of

the small inorganic ligands at the Fe site of the active center (in the 2100 - 1900 cm
� 1 region) have been

shown to correlate with changes in the redox states of the enzyme. Up to nine different redox states

of the nickel center have been produced, including the CO-inhibited forms [32, 51]. An overview over

the different states characterized so far is given in Figure 2.4 without consideration of the CO-inhibited

forms.

The presence of Ni in many hydrogenases was indicated by the characteristic features of the EPR

signal arising from an S=1/2 center [55, 56]. Since Ni(II) contains an even number of electrons and Fe

was shown to be Fe(II) [57], the observation of an S=1/2 signal in [NiFe]-hydrogenases with hyperfine

structure in 61Ni labeled samples (see Chapter 6) led to proposals that unusual oxidation states of Ni

(i � e � III or I) were stabilized in this enzyme [58–60]

In aerobic enzyme preparations a mixture of the paramagnetic ’ready’ (for Ni-B, g-tensor principal

values, gi: 2.33, 2.16, 2.01) and ’unready’ (for Ni-A, gi
� 2 � 31 � 2 � 24 � 2 � 01) forms is found. These two

forms differ in their respective activation rate [8, 16, 61]. Ni-B is easily activated by hydrogen within

a few minutes, whereas Ni-A needs longer incubation times, up to a few hours. For the Ni-B/Ni-Si

conversion the activation energy for H2-uptake with electron acceptors, methyl viologen or cytochrome

c3, was determined to be in the range of 60 - 88 kJ � mol
� 1 [62–64].
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In reductively activated enzymes, a new EPR detectable species is obtained which was first de-

scribed by Kojima et al. [56]. It was the third form of nickel in hydrogenases being detected by EPR

and was thus termed Ni-C (gi
� 2.20, 2.15, 2.01) [8, 16]. This state is believed to be an intermediate

in the catalytic cycle. The reduction of the silent intermediate to Ni-C, while not a simple Nerns-

tian process, occurs as a one electron transformation at a midpoint potential of approximately E1
�
2=

-300mV [40, 49, 52–54, 65]. This potential is very close to that found for hydrogenase activity (E1
�
2=

-310 mV for D. gigas hydrogenase [66]) and the Ni-C EPR signal is also observed during hydrogenase

catalysis in vivo [53]. The reductive generation of Ni-C is pH dependent (∆ E1
�
2= -120 mV per unit

increase in pH [8, 44, 49, 52]) implying that this reduction is coupled to a double protonation. The

stability of the Ni-C state under an H2 free atmosphere, however, seems to be contradictory to the sug-

gested H2 oxidation capability [67]. It was proposed that Ni-C is the oxidation product of the reaction

of Ni-R with one proton [67] and, indeed, the midpoint potential for the reduction to Ni-R shows a pH

dependence of ∆ E1
�
2 = 60 mV/pH [8, 45, 53, 68].

The reduced form of hydrogenases is capable to catalyze proton-deuteron or proton-triton ex-

changes in the absence of electron donors or acceptors according to the reaction H2 + D2O
�

� HD +

HDO. This finding supported the direct accessibility of the active site to hydrons from the exterior of

the hydrogenase in the active state. Furthermore, it allowed to propose that molecular hydrogen is

heterolytically cleaved producing a proton and a hydride with the subsequent formation of an enzyme-

hydride intermediate [60, 69, 70].

Upon illumination of the Ni-C state a new species, called Ni-L, is generated (for Ni-L: g i
� 2.29,

2.11, 2.05 [8]). It is stable at temperatures below � 100K. At higher temperatures, a conversion back

to Ni-C is observed [8, 16]. The EPR properties of Ni-L are different from those of the other forms;

in particular, the smallest g-tensor component is shifted from g3
� 2 � 01 to g3

� 2.05. The conversion

of Ni-C to Ni-L is reversible for all [NiFe]-hydrogenases reported so far. Annealing the samples in the

Ni-L state at temperatures higher than 120 K yields almost quantitatively the Ni-C state back [71].2.3b

The rate of the photoconversion exhibits a significant isotope effect, which shows strong variations

among the enzymes, however, it has been found to be significantly slower in D2O than in H2O in all

[NiFe]-hydrogenases [60, 72].

The Iron-Sulfur Clusters Upon further reduction of the enzyme, the iron-sulfur clusters are reduced,

see Figure 2.4. The proximal [4Fe-4S]
�

-cluster (S= 1/2) magnetically interacts with the unpaired spin

at the [NiFe] center in both forms, Ni-C and Ni-L. This interaction leads to a splitting of the EPR lines

which is detectable below 10 to 15 K (termed ’split’ Ni-C or Ni-L) [49, 73]. At higher temperature,

this interaction is averaged out in the spectra and the EPR spectra of the Ni center alone are detectable

because of increased relaxation rates of the iron-sulfur clusters [74].

2.3bThe exact transition temperature for this process was determined to be 194 K in the case of the hydrogenase from D.

gigas [38].
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2.4 Electronic Structure of the [NiFe]-Center

Knowledge of the electronic structure is a prerequisite for further insight into the mechanism of hy-

drogen conversion by hydrogenases. X-ray crystallography revealed the existence of a heterobimetallic

active site which was a surprising and puzzling result. However, investigations and analyses of the

EPR spectra of 61Ni-substituted hydrogenase indicated that the Ni atom bears the main part of the

spin density of the active site in the oxidized as well as in the H2 reduced states [55, 75, 76]. ENDOR

measurements on an 57Fe substituted sample [57] showed that only a vanishingly small part of the spin

density is found at the iron atom in all states. The absence of 57Fe line broadening together with the

temperature dependence obeying the Curie law in all paramagnetic states excluded the possibility of an

exchange coupled system [30]. Thus, the [NiFe] center of hydrogenases can safely be assumed to be

a bimetallic cluster with an iron atom in the low spin Fe(II) (S=0) state.The oxidation and spin state

of Ni are, however, less clear [77]. EPR studies on frozen enzyme solutions of the oxidized states

gave g1
�

g2 � g3
� ge and on single crystals in the oxidized state showed a clear preference of one

molecular axis. This led to the proposal of a Ni(III) 3dz2 ground state with its lobe pointing to the open

coordination site [78, 79].

However, note that the active sites of [NiFe]-hydrogenases are transition metal clusters with four

cysteines being ’non-innocent’ ligands. They are capable of delocalizing metal d electrons and conse-

quently may carry significant amounts of unpaired spin density [80–82]. Therefore, the simple picture

of well defined redox states and orbital occupancies of the central metal and of the coordinating ligands

no longer holds.2.4c

2.5 Motivation and Perspective of this Work

The previous sections have provided an overview over the attainable redox states of the enzyme. Many

aspects of the structure of the [NiFe]-hydrogenases are already well known. The first elucidation of the

X-ray structure of a standard [NiFe]-hydrogenase in 1995 [25] revealed atomic details of the active site

of this enzyme and triggered a boost of theoretical studies which have been carried out to determine the

molecular structures of the active site in its identifiable states (for an overview see [83, 84]). However,

it took four more years to publish the first X-ray structure of the reduced enzyme in 1999 [24]. Nev-

ertheless, direct experimental evidence still lacks to define the conversion of the substrate (hydrogen)

during the catalytic process and the inactivation of standard [NiFe]-hydrogenases. Detailed knowledge

of the structural and electronic properties of the reaction cycle intermediates is of crucial interest for un-

derstanding the catalytic mechanism. The nature of the small bridging ligand X in these intermediates

still is a matter of debate. What is its role? How does it change in the course of the reaction? Where

2.4cThus, this model, as commonly applied in chemistry, should be used with care. In the following, the oxidation states of

Ni will be addressed as formal oxidation states to emphasize whether a formal reduction or oxidation has taken place, leading

to a new paramagnetic state. For further information see Section 3.1
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binds the substrate and where are the reaction products located in the active state(s)? Furthermore, it

is of interest to know which are the formal oxidation states of the nickel site. How does the electron

spin distribution change upon conversion from one state to the other? In order to provide answers to

these questions, this work focuses on the examination of the paramagnetic states and their spectro-

scopic properties as the analysis of these data yields the required information. Electron paramagnetic

resonance (EPR) spectroscopy is a unique tool to determine the structure of such paramagnetic species

because it directly focuses on the unpaired electrons and their closest vicinity.

The g-tensor supplies valuable information about the electronic ground state of the central metal

ion. Following, it will be demonstrated that it is obtainable with high accuracy by single crystal EPR

experiments [79, 85]. Isotope exchange experiments have been undertaken as these are required for the

unambiguous identification of the presence of certain nuclei at the active site, their hyperfine coupling

interaction and location. Moreover, these experiments deliver further details of the electronic structure.

A measurement for the unpaired electron spin density at the central atom, Ni, is accessible by EPR

spectroscopy using 61Ni isotope labeling.

Electron nuclear double resonance (ENDOR) and the complementary hyperfine sublevel correlation

(HYSCORE) spectroscopy are techniques tailored to bridge the gap between the information available

on the crystallographically detectable ”heavier” atoms in the enzymatic structure (carbon, nitrogen, ..)

and the distribution of hydrogen within the molecule. In this work the orientationally selective pro-

perties of ENDOR spectra from powder like samples of [NiFe]-hydrogenases with anisotropic g-factors

have been examined which allowed to determine the spatial arrangement of non-zero spin nuclei such

as protons in the vicinity of an EPR active metal site within the enzyme. HYSCORE spectroscopy is

very sensitive to changes in the dipolar and isotropic proton hyperfine interactions as well as to changes

in the orientation of the hyperfine tensor with respect to the g-tensor frame. The shape of the cross peak

ridges in orientation selected HYSCORE spectra has been used as a sensitive tool for determining the

orientation of the paramagnetic nuclei with respect to the g-tensor frame. In order to facilitate a fruitful

interpretation of those investigations, however, it is necessary to know the orientation of the g-tensor

principal axes of the respective paramagnetic states.

According to the outline given above this work has been divided in three topics: Firstly, the orien-

tations of the g-tensor principal axes have been determined for the Ni-C as well as for the Ni-L state

by single crystal EPR experiments (Chapter 5). Secondly, 61Ni isotope labeled samples have been

investigated in the Ni-A, Ni-B, Ni-C, and Ni-L states (Chapter 6). Finally, in Chapter 7 hyperfine cou-

plings of hydrogen, deuterium, and nitrogen nuclei in the vicinity of the spin-carrying center have been

examined.



13

Chapter 3

Theoretical Background

This chapter aims to give a short introduction into the various magnetic resonance spectroscopy tech-

niques used in this work. Accordingly, the following sections present only a brief overview over the

molecular interactions responsible for the observed transitions and the basic principles of the EPR

spectroscopic experiments, which are necessary for the understanding of this work. The theoretical

background is given in detail in many text books [86–90].

3.1 Electron Paramagnetic Resonance

Electron Paramagnetic Resonance spectroscopy is sensitive to the interaction of an unpaired electron

spin with a static magnetic field B0 and with its environment. For one electron (S=1/2) two possible

orientations exist with respect to B0. These two Zeeman levels are characterized by the magnetic quan-

tum numbers ms � � 1 � 2 (parallel to B0) and ms ��� 1 � 2 (anti-parallel to B0). The energy difference

∆E � E � � E � between the two eigenstates amounts to

∆E � gβB0 (3.1)

where B0 is the static magnetic field, β the Bohr magneton and g the constant of proportionality, the

g-value. Transitions between the two Zeeman levels can be induced by an electromagnetic field of the

appropriate frequency ν, if the photon energy matches the energy-level separation ∆E . Then

∆E � hν � gβB0 � (3.2)

A typical resonance frequency is � 9 GHz (λ � 3cm, X-band) for B0 = 350 mT and g � ge � 2.0023.

In general, an unpaired electron is very sensitive to its surrounding and interacts with it. Relevant

contributions for the EPR spectroscopy on [NiFe]-hydrogenases are the electron Zeeman interaction

(ez), the hyperfine interaction (hfc), the nuclear Zeeman interaction (nz) and the nuclear quadrupole

interaction (Q) which are described below.
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The Electron-Zeeman Interaction The Hamilton operator for the Zeeman interaction of the electron

spin with the magnetic field B0 is given by

Ĥez � βeB0gŜ � (3.3)

Ŝ is the vector operator of the effective spin. g is a (3x3) matrix describing the influence of the spin and

the orbital angular momentum on the shape of the EPR spectrum. Traditionally, this g-matrix is termed

the g-tensor [88], however, note that only g2 possesses tensor properties. Transition metal complexes

show very often transitions in the EPR spectra with pronounced deviation from the free electron value,

ge, and an orientation dependence of the electron Zeeman splitting with respect to the external magnetic

field is observed. On the one hand, this is caused by the orbital angular momentum L of the electron,

which also possesses a magnetic moment (µ̂L � βL̂) interacting with the electron spin (spin-orbit cou-

pling, λL̂Ŝ). On the other hand, the degree of the splitting of the energy levels of the d-orbitals con-

tributes to the effective electron Zeeman interaction [87]: The energy difference between the d-orbitals

is determined by the strength of the ligand field and the energy of the d-orbitals by the symmetry of

the ligand sphere [89]. Thus, the symmetry and the electronic structure of the paramagnetic center is

reflected by the g-tensor [91]. This will be discussed in Chapter 5, which describes the determination

of the orientation of the g-tensor principal axes of the reduced states of the [NiFe]-hydrogenase.

The Nuclear Hyperfine Interaction The interaction of an unpaired electron with a paramagnetic

nucleus (I �� 0) is denominated nuclear hyperfine interaction. The magnetic moment of the nucleus

is µN � gNβNI, where βN is the nuclear magneton and gN the nuclear g-value. The absolute value of

the magnetic moment of a nucleus is orders of magnitudes smaller than the magnetic moment of an

electron; for a proton the ratio geβ � gNβN is 658.

The hyperfine interaction is described by the spin Hamiltonian:

Ĥhfc � ŜAÎ � (3.4)

Where A is the hyperfine tensor. The Hamilton operator for the nuclear hyperfine interaction can be

written as the sum of the isotropic (Fermi contact) interaction Ĥ f c and the electron-nuclear dipole-dipole

interaction Ĥdip [92].

The isotropic interaction is given by

Ĥfc � aisoŜÎ � (3.5)

aiso, the isotropic coupling, arises from the probability of finding unpaired electron spin density at the

locus of the nucleus.

aiso � 4
3 h̄

geβegNβN � Ψ � 0 � � 2 � (3.6)

Only s-orbitals have a non-vanishing electron spin density � Ψ � 0 � � 2 at the nucleus, the others have nodes

there. However, the isotropic interaction may also be significant when the unpaired electron resides in

a p,d or f orbital. Spin density at the nucleus is then induced by spin polarization mechanisms [87].
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The dipolar hyperfine interaction is expressed as

Ĥdip � geβegNβN

h

�
3 � Ŝr̂ � � Îr̂ �

r5 � ŜÎ
r3 � (3.7)

where r is the vector connecting the electron and nuclear spin. In matrix notation, the Hamiltonian for

the anisotropic dipole-dipole coupling is written:

Ĥdip � ŜAdipÎ with Adipi j �
geβegNβN

h � 3rir j � δi jr2

r5 � � (3.8)

In the case of sufficiently large distances r between the electron and the coupling nucleus3.1a , the

unpaired electron density may be considered to be concentrated at the nucleus, and the hyperfine tensor

can be approximated by the electron-nuclear point-dipole formula [92, 93]. In the hyperfine princi-

pal axes system, the interaction is given by the diagonal (traceless) tensor with the principal values

� � adip � � adip � 2adip � or, alternatively � a � � a � � a � � , and

adip � � geβegNβN

hr3
� (3.9)

A � of the axial symmetric tensor is collinear with r. For a random orientation with respect to the external

magnetic field one obtains

a � � θ � � adip � 3cos2 θ � 1 � � (3.10)

The point-dipole approximation is often applied in ENDOR studies of transition metal complexes to

determine the positions of the protons from their hyperfine interactions. Equation 3.9 describes the

hyperfine coupling assuming that the electron spin is completely localized on the metal ion. If that is

not the case, the hyperfine coupling has to be scaled down by a factor of ρ, the spin density, according

to the decreased magnetic dipole moment at the central ion.

The coupling with a delocalized electron spin can be described using the point-dipole approximation

by replacing one dipole by two or more point-dipoles. The hyperfine coupling is then the sum of all

contributions [87, 94–97]. Consequently, the dipolar hyperfine coupling tensor no longer has axial

symmetry. It is calculated by the equation

Adip � geβegNβN � diag � � δ � Γ � δ
2

� Γ � δ
2 � MHz Å

3
(3.11)

with δ and Γ determined by the parameters r1 � r2, and θ, given in Figure 3.1.

δ � 2

r3
1
� 1

r3
2

; Γ � 3
2

4

r6
1
� 4cos 2θ

r3
1r3

2

� 1

r6
2

(3.12)

3.1aThis has been shown to be quite accurate for distances between the nucleus and the electron of more than r 	 2 
 2 � 5
Å [92]. The application of the point-dipole approximation should be handled with care as it leads to an overestimate of the

hyperfine coupling by a factor of 	 2 with a distance of d � 1 � 5 Å, see [37].
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Figure 3.1: Schematic representation of the

geometric parameters used in the extended

point dipole model. 1,2 represent two spin car-

rying centers.

r1

H1

θ
r2

1 2

Nuclear-Zeeman Interaction The energy of the paramagnetic nucleus (I �� 0) in the magnetic field

B0 is described in analogy to the electron Zeeman interaction:

Ĥnz � � βNB0gNÎ � (3.13)

The anisotropy of gN with respect to the attainable resolution in EPR spectroscopy is comparably small.

Thus, gN could safely be replaced by the scalar value gN in the systems investigated in this work.

Quadrupole Interaction Nuclei with spin I � 1 � 2 are distinguished by a non-spherical charge dis-

tribution which is described by a nuclear electrical quadrupole moment Q. The Hamilton operator for

the interaction of this charge distribution with the electric field gradient that is caused by the electrons

and nuclei in its close vicinity, is written:

ĤNQ � ÎPÎ � (3.14)

In the principal axes system of the traceless quadrupole tensor one obtains the Hamiltonian (in fre-

quency units)

ĤNQ � e2qQ
4I � 2I � 1 � h � 3Î2

z
�

Î
� η � Î2

x � Î2
y ��� � (3.15)

The electric field gradient with the principal values eqxx � eqyy � eqzz is characterized by the largest compo-

nent eqzz � eq and η, the asymmetry parameter. η � � Px � Py � � Pz displays the deviation of the electric

field gradient from axiality with � Pz � � � Py � � � Px � and 0 � η � 1. In a molecule the electric field gradient

is a sum of nuclear and electronic contributions, which may be written as:

eq � e∑
k

Zk � 3cos2 θk � 1

R3
k � � e∑

j � ψ j

���� 3cos2 θ � 1
r3

���� ψ j � n j (3.16)

The first term represents the contributions of k nuclei with charges Zk and the second term describes the

electronic contribution, with ψ j referring to the molecular orbitals and n j to the number of electrons in

the jth orbital.

The principal values of the quadrupole tensor (I � 1) in its principal axes system are written

P � � � K � 1 � η � � � K � 1 � η � � 2K � with K � e2qQ
4h

� (3.17)

These values provide information about the surrounding of a nucleus and leave the possibility to deter-

mine the type of chemical bond to the interacting nucleus. Mainly quadrupole couplings of 14N nuclei
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are investigated. 2H, another nucleus under investigation in hydrogenases, also carries a quadrupole

moment, however, its Q-value is an order of magnitude smaller, thus, the interaction is in most cases

only poorly resolved and may be neglected in spectra analysis (see Chapter 7).

|ω  |

|ω  |

|ω  |

I ωI|ω  |
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Figure 3.2: (Left) Schematic drawing of transitions in a S=1/2 and I=1/2 system. (Right) Nuclear

frequency spectra of a disordered system (S=1/2, I=1/2) with an axially symmetric hyperfine tensor. (a)

Weak coupling case (b) Exact cancellation case (c) Strong coupling case. Note that in the weak and the

strong coupling case for the respective two powder lines the same line widths are observed.

Exact Cancellation In cases where the effective hyperfine coupling � A � approximately reaches twice

the value of the nuclear Zeeman interaction, the B0 field cancels the hyperfine field of one of the mS

manifolds. This situation is called exact cancellation. The consequence of this effect for a S � 1 � 2 � I �
1 � 2 system on the transitions is shown in Figure 3.2 (b). For a S � 1 � 2 � I � 1 � 2 system the transition

frequencies of the canceled mS manifold are then given by the nuclear-quadrupole interaction alone.

This leads to narrow features in powder spectra and allows a direct observation of the contributions of

the quadrupole moment interacting with the electric field gradient at the locus of the nucleus with high

sensitivity. At X-band frequencies, the exact cancellation condition is commonly found for 14N nuclei

that do not directly coordinate the spin carrying center.

The Spin Hamilton Operator All aforementioned interactions are collected in the spin Hamiltonian

operator Ĥ. The energies of the states within the ground state of a paramagnetic species with one

effective electron spin S coupled to n nuclear spins Ik are described by:

Ĥ � Ĥez
�

Ĥhfc
�

Ĥnz
�

ĤQ

� βB0gŜ
�

Ŝ∑
k

AkÎk
� βNgN ∑

k

B0Î
� ∑

Ik � 1
�
2

ÎkQkÎk � (3.18)
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Figure 3.3: Schematic presentation of the energy levels of the five d-orbitals of a transition metal ion

in the case of octahedral symmetry, ideal and distorted. In such an environment, eg orbitals (dx2 � y2

and dz2) are higher in energy than t2g (dxy, dxz,dyz). Upon distortion of the ligand field by elongation or

compression a splitting of the energy levels of the eg and t2g occurs. In the scheme the attained ground

states for a d7 (black) and a d9 (red) configuration are shown. A detailed treatise about various ligand

fields is given by Solomon et al. [99].

Crystal Field theory Crystal field theory (CFT) is a simplified molecular orbital theory describing

the electronic structure of transition metal complexes on the basis of an electronic interaction of a

punctiform charge (ligand) with the central ion [89, 98]. In Figure 3.3, an energy level diagram is

presented for a crystal field of octahedral symmetry that is typically found for the Ni center in [NiFe]-

hydrogenases (see Chapter 5). For the [NiFe] center of hydrogenases approximately an octahedral

coordination is given, even though one ligand position is unoccupied. The deviation of the cysteine-

sulfur ligand positions from the axes is only a few degrees ( � 10
�

). As one easily can see (Figure

3.3), upon tetragonal distortion the degeneracy of the d-orbitals no longer is given. Depending on the

distortion, a Ni(III) with a d7 electron configuration can thus be found either in a dz2 or dx2 � y2 ground

state.

The g-tensor principal values can be calculated using perturbation theory and are quantified in the

relationship [89, 91, 100]:

gi � ge
� niλ

∆E
i � x � y � z � (3.19)

∆E represents the energy gap between the particular pair of orbitals (ground state - exited state), n i � ∆E

is a measure for coupling of this pair of orbitals, and λ is the spin-orbit coupling constant. For further

details see [89] and for the particular values for nickel complexes see [100]. A continuative consid-
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eration, the ligand field theory, additionally takes ligand orbitals as well as possible partial covalent

metal-ligand bonds into account. The method involves associating each ligand, or where appropriate

lone pair electrons, with a volume cell. This method is advantageous over CFT because lower symme-

tries are not any more difficult to deal with [89, 98].

Relaxation A spin system which undergoes transitions in a microwave field returns to equilibrium

after the field is turned off. The equilibrium state is reached via interactions with neighboring spins and

with phonons in the lattice. The spin-spin interaction leads to a dephasing and therefore to a loss in

coherence. Effectively no energy is transferred to or from the spin system. This process is described by

the spin-spin relaxation time constant, T2 (transverse relaxation time).

The interaction of the spin with the lattice leads to an energy transfer. Due to the spin-lattice re-

laxation the spins are achieving thermal equilibrium according to the Boltzmann law and the difference

between the spin energy levels is reestablished. T1 (longitudinal relaxation time), the spin-lattice relax-

ation time, describes this process.

3.2 Double Resonance Methods: ENDOR Spectroscopy

Electron nuclear double resonance (ENDOR) is a technique to resolve nuclear hyperfine interactions

of ligand nuclei in paramagnetic molecules. When nuclear and electron spin relaxation times are fa-

vorable, this technique yields a substantial sensitivity improvement over NMR and one can investigate

magnetically dilute samples.

Continuous wave (cw) ENDOR spectra are obtained by partially saturating an EPR transition and

sweeping radio frequency radiation through nuclear resonance transitions. If the applied rf field corre-

sponds to the magnitude of the NMR transitions between hyperfine levels, the effective relaxation rates

of the system are changed. This leads to a difference in EPR absorption which is recorded subject to

the rf frequency.

For the analysis of ENDOR spectra the formula

ν � �
���� νN

� A
2

���� (3.20)

is commonly used. However, this formula is only valid if both, an isotropic electron Zeeman interaction

and an isotropic hyperfine interaction are given [98, 101]. An energy level diagram is shown in Figure

3.4 that illustrates the situation for a simple S=1/2 and I=1/2 system .

In many systems, however, the g-tensor or the hfc tensors are anisotropic. The effective field at the

nucleus then is not only determined by the external magnetic field B0 but also by the local field, Bloc

arising from the hyperfine interaction [98]. The direction of the hyperfine field needs not to be collinear

with B0 which means that the absolute value and the direction of the effective field Be � B0
�

Bloc

depends on the ms state of the electron. As a consequence, the ENDOR frequencies are no longer



20 3.2 Double Resonance Methods: ENDOR Spectroscopy

�

�

�

N

e

N

aiso/4

aiso/4

aiso/4

aiso

+1/2

−1/2

mS mI

/4

+1/2

−1/2

−1/2

+1/2

Hez HhfcHnz

ν

ν

ν
NMR

NMR

f
f

+ +

E/h

E
P

R

E
P

R

Figure 3.4: Schematic drawing of an energy level diagram of a S=1/2 an I=1/2 system in an external

magnetic field due to electron Zeeman, nuclear Zeeman and hyperfine interaction (aiso � 0). The

allowed EPR (∆mS �
�

1 and ∆mI � 0) and NMR (∆mS � 0 and ∆mI �
�

1) transitions are marked

with solid arrows. Transitions with ∆mS �
�

1 and ∆mI �
�

1 are forbidden in the case of pure isotropic

coupling.

π/2 ππ

π
rf

mwτ

τ

Figure 3.5: Sequence of the microwave (mw) and radio frequency (rf) pulses applied in a Davies-

ENDOR experiment [102]. All interpulse delays are fixed and the radio frequency is varied, so that the

electron spin echo is measured as a function of the radio frequency.

symmetric to νN . Only in the border case of small anisotropy that may be observed for the β-CH2 of

the cysteines at the [NiFe] center of hydrogenases, the hyperfine splittings are quite symmetric to νN

(see Chapter 7.2.2).

In practice, continuous wave ENDOR [103, 104] as well as pulse ENDOR spectroscopy [92] are

applied. However, one of the advantages of pulse ENDOR compared with the cw method is that the

entire sequence in favorable cases can be made short enough to exclude unwanted relaxation effects.
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Figure 3.6: Effect of an rf pulse non-resonant (top) and resonant (bottom) with nuclear transitions on

the populations of the energy levels in a Davies-ENDOR experiment. For demonstration the four-level-

scheme of Figure 3.4 is used. Black and white boxes display population differences of the respective

energy levels. In a first step, a selective mw-π-pulse inverts the polarization of an EPR transition (e.g.

EPR I). The rf-π-pulse subsequently inverts one of the NMR transitions (NMR I or NMR II) if the

resonance condition is met. Then a Hahn echo sequence is applied to detect the polarization of the EPR

transition. If νr f
�

� νNMR I � II holds, an emissive spin echo is observed otherwise (νr f � νNMR I � II ) no

echo is detected.

Moreover, in pulse ENDOR the efficiency can be made up to 100 % (inversion of the echo), whereas in

cw experiments, the ENDOR amplitude amounts to only a few percent of the EPR intensity.

Figure 3.5 depicts the Davies-ENDOR pulse sequence [102] which starts with a π-pulse that inverts

the polarization of a particular EPR transition. During the mixing period, a selective rf pulse is applied.

This pulse inverts the polarization of nuclear spins in one of the ms manifolds if it is resonant (Figure

3.6). This leads to a disappearance of the population difference of the initially excited EPR transition.

As a consequence, the spin echo detected by a Hahn-pulse sequence disappears.

In a modified Davies-ENDOR sequence, the rf pulse is split into two pulses and a non-selective

(’hard’) mw-π-pulse is inserted between them. This leads to a improvement of the ENDOR effect: In

the case of a resonant rf-pulse, the additional π-pulse does not change the populations but the succeeding

rf-pulse reverses the transfer of the first rf-pulse. In the other case, the π-pulse changes the population

in such a way that the initially excited levels are occupied. This way both manifolds may contribute to

the ENDOR effect. However, the excitation bandwidth of the non-selective pulse poses a limitation to

the application of this method.
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π/2 π/2 π/2
τ τT

Figure 3.7: Microwave pulse sequence of a three pulse ESEEM experiment. Three microwave π � 2

pulses of identical length are applied. The echo is detected after the time intervall τ as a function of τ
and T.

Table 3.1: Phase cycles applied in the ESEEM

experiment specifying the phases of the three

pulses 1,2,3 and of the detector that eliminate

unwanted echos [109].

phasing of the pulses detection

1 2 3

+x +x +x +

–x +x +x –

+x –x +x –

–x –x +x +

3.3 Pulse EPR Spectroscopy

This section shortly introduces the procedures of pulse EPR used in this work. The basic concepts

of pulse EPR are closely related to those of pulse nuclear magnetic resonance (NMR) spectroscopy.

However, the theory has to be supplemented with EPR specific modifications as, for example, the size

of magnetic interactions and the relaxation times are orders of magnitude shorter in EPR than in NMR.

An overview over principles and applications of pulsed EPR techniques is given in [92, 105].

3.3.1 ESEEM Spectroscopy

Electron spin echo envelope modulation (ESEEM) is a technique for studying hyperfine and nuclear

quadrupole couplings in solids. ESEEM techniques are advantageous for the investigation of nuclear

frequencies below 5MHz, such as for 2H and 14N nuclei due to their smaller gyromagnetic ratio (νI � 2H)

� 2MHz and νI � 14N) � 1MHz at 320mT [88]). Thus, ESEEM is a technique complementary to EN-

DOR; it provides local structure information of disordered systems beyond the first coordination sphere.

Basics and applications of ESEEM are described in [92, 106–108].

The pulse sequence of three pulse ESEEM3.3b applied at a fixed magnetic field is shown in Figure

3.7. A non-selective (π � 2) pulse of the primary echo sequence excites electron coherence which evolves

during the time τ. The second (π � 2) pulse transfers the electron coherence partially to nuclear coherence

evolving during the interval T, which is varied in the experiment. A transfer of the nuclear coherence

back to the electron coherence is achieved by the third (π � 2) pulse and after the interval τ an echo

3.3bwhich will be referred to ESEEM in the following, even though nuclear modulation can be observed with a variety of

pulse schemes (e.g. two- and three-pulse ESEEM).



Theoretical Background 23

with modulated intensity is detectable. The stimulated echo of a S=1/2 and I=1/2 system is described

quantitatively by the modulation formula [106]:

VESEEM � τ � T � � 1
2

�
Vαβ � τ � T � � Vβα � τ � T ���

� 1 � k
4

� 1 � cos � ωατ � � � 1 � cos � ωβ � τ � T � ���
� k

4

�
1 � cos � ωβτ ��� � 1 � cos � ωα � τ � T � � � (3.21)

where and ωα and ωβ denote the angular frequency of the NMR transitions. The frequencies of the

NMR transitions are obtained by cosine Fourier transformation. k is the modulation depth parameter,

k � sin2 ζcos2 ζ. The factors cos2 ζ and sin2 ζ are the transition probabilities for allowed and semi-

forbidden NMR transitions, respectively. 2ζ is the angle between the nuclear quantization axes in the

two ms manifolds. Alternatively, k can also be written as [106]:

k � � ωNB
ωαωβ � 2

with B2 � A2
xz
�

A2
zy (3.22)

where B is a measure of the anisotropy of the hyperfine coupling. In the case of pure isotropic hfc, the

modulation of the echo would vanish completely. The same holds at the canonical orientations where

B0 is parallel to one of the principal axes of the hyperfine tensor. In contrast to NMR, k increases with

decreasing ωα � ωβ.

The modulation could also disappear for certain values of τ if cos � ωiτ � � 1 applies. This phe-

nomenon is responsible for blind spots in the spectra, accordingly the spectra should be recorded at dif-

ferent τ values. The resolution of the spectra is determined by the phase-memory time T2n of the nuclear

spins. Note that dipolar couplings between nuclear spins may cause inhomogeneous line broadening,

especially for abundand nuclei with large gyromagnetic ratios [92]. A sequence of N pulses generates

Necho � 3N � 12N � 1 echos. The application of a phase cycle, depicted in Table 3.1, minimizes additional

undesired echos.

In the case of exact cancellation the effective field at the nucleus for one of the mS manifolds

vanishes and sharp ”zero field transitions” can be observed. For a nucleus with I � 1 like 14N three

transitions, ν0 � ν � and ν � , with the following frequencies emerge:

ν0 � 2η
e2qQ

4h

ν � � � 3 � η � e2qQ
4h

ν � � � 3 � η � e2qQ
4h

(3.23)

As ν0
� ν � � ν � applies one can easily calculate the parameters:

e2qQ
4h � ν �

� ν �

6
and η � 3ν0

ν �
� ν �

(3.24)
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π/2 π/2 π/2
t 1 t 2τ τ

π

Figure 3.8: Microwave pulse sequence of a (2D)-four-pulse ESEEM (HYSCORE) experiment. Two

microwave π � 2 pulses of identical length, one mixing π pulse and a third π � 2 pulse are applied. The

echo is detected after the time interval τ as a function of τ � t1 and t2.

In the case of a strong interaction (A � 2νI ) the hyperfine and quadrupole couplings at points near the

principal directions of the g-tensor can be estimated on the basis of the expression for the maximum

value of νdq [107]:

ν �
dq � 2 � νI

� 1
2 � A � � 2 � � e2qQ

4h � 2

� 3 � η2 � (3.25)

The spectra are then dominated by the dq transitions whereas the single quantum transitions decrease in

intensity. Thus, in unfavorable cases the quadrupole parameters can not be given independently. Using

Equation 3.25 the hyperfine coupling can be derived with:

A �
� ν �

dq � 2 � � ν �

dq � 2

8νI
(3.26)

3.3.2 HYSCORE Spectroscopy

In the interpretation of ESEEM spectra difficulties might arise. Superposition of signals from different

nuclei or strong anisotropic couplings could hinder a straight forward assignment. The correlation of

nuclear frequencies in one ms manifold to nuclear frequencies in the other manifold could improve

resolution and would provide information which is not accessible in an ESEEM experiment. This is

achieved with hyperfine sublevel correlation spectroscopy (HYSCORE).

In the HYSCORE experiment an additional π-pulse (mixing pulse) is introduced to the ESEEM

sequence (Figure 3.8). The free evolution of the nuclear coherence of the ESEEM sequence is replaced

by a first free evolution of the nuclear coherence of time t1, a mixing π pulse which interchanges the

nuclear coherence between the two ms manifolds and a second free evolution of the nuclear coherence

of time t2. The intensity of the inverted echo is measured as a function of t1 and t2 while τ is kept con-

stant. The modulation formula for a S=1/2 and I=1/2 system can be described quantitatively [92, 110]:
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Table 3.2: Phase cycles applied in the

HYSCORE experiment specifying the phases

of the four pulses 1,2,3,4 and of the detector

that eliminate unwanted echos [109].

phasing of the pulses detection

1 2 3 4

+x +x +x +x +

+x +x +x –x –

+x +x –x +x +

+x +x –x –x –

VHY SCORE � τ � t1 � t2 � � 1
2

�
Vαβ � τ � t1 � t2 � � Vβα � τ � t1 � t2 ���

Vαβ � τ � t1 � t2 � � 1 � k
2

�
C0

2
�

Cα cos � ωα � t1 � τ
2 ��� � Cβ cos � ωβ � t2 � τ

2 ���
�

Cτ � cos2 ζcos � ωαt1
� ωβt2

� ω � τ
2 � � sin2 ζ � ωαt1 � ωβt2

� ω � τ
2 �����

Vβα � τ � t1 � t2 � � 1 � k
2

�
C0

2
�

Cα cos � ωα � t2 � τ
2 ��� � Cβ cos � ωβ � t1 � τ

2 ���
�

Cτ � cos2 ζcos � ωβt1
� ωαt2

� ω � τ
2 � � sin2 ζ � ωβt1 � ωαt2 � ω � τ

2 �����
C0 � 3 � cos � ωατ � � cos � ωβτ � � sin2 ζcos � ω � τ � � cos2 ζcos � ω � τ �
Cα � cos2 ζcos �	� ωβ � ωα

2 � τ � � sin2 ζcos ��� ωβ
� ωα

2 � τ � � cos � ωτα
2 �

Cβ � cos2 ζcos �	� ωα �
ωβ

2 � τ � � sin2 ζcos ��� ωα
� ωβ

2 � τ � � cos � ωτβ
2 �

Cτ � � 2sin � ωατ
2 � sin � ωβτ

2 � (3.27)

where ω � � ωα
� ωβ � ω � � ωα � ωβ and k is the modulation depth parameter (see Section 3.3.1) which

is a measure for the amplitude of the cross peaks and 2ζ is the angle between the nuclear quantization

axes in the two mS manifolds. The factor Cτ describes the τ-suppression effect (blind spots).

Incrementing t2 for each t1, one obtains a two-dimensional spectrum in the time domain. This yields

after a 2D Fourier transformation the spectrum in frequency units with equal resolution in each dimen-

sion (for the treatment procedure for the spectra see also Section 4.3.3). In the spectra, peaks at ωx1 and

ωx2 appear if the coherence evolved during the first evolution period with ωx1 and during the second

period with ωx2. In the case of non-ideal π pulses that do not transfer the coherence autocorrelation

peaks at � ωx � ωx � appear. Note also that relative intensities of the cross peaks may change if non-ideal

pulses are applied. However, Equation (3.27) is mostly accurate enough for simulation of HYSCORE

spectra.

The advantage of HYSCORE over ESEEM is the introduction of additional spectral information by

the second dimension and accordingly the reduction of peak overlap between strongly coupled nuclei
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Figure 3.9: Peaks occurring in HYSCORE spectra: Cross peaks (ωx1
�

� ωx2) are depicted as full circles.

Open circles represent axial peaks due to transfer of nuclear coherence to polarization, and vice versa,

by the mixing π pulse. Diagonal peaks due to pulse non-ideality are represented by open squares.
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Figure 3.10: Scheme of a HYSCORE powder

spectrum for a S=1/2 and I=1/2 spin system

with an axial hyperfine tensor. The intensity

varies throughout the correlation ridges and de-

creases to zero at the outer edges. The mini-

mum frequency along the diagonal is the Lar-

mor frequency of the respective nucleus.
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with small gyromagnetic ratio γi and weakly coupled nuclei with large γi. However, as mentioned

before HYSCORE shows an analogous blind spot behavior like the ESEEM experiment. For example,

the cross peak exhibits a blind spot whenever one of the two correlated nuclear frequencies shows one

in the ESEEM experiment. Thus, a repetition of the HYSCORE experiment at various τ values is

indispensable like in the ESEEM experiment.

The additional π pulse in the sequence leads to a number of unwanted echos which makes the

application of a phase cycle (see Table 3.2) even more important than in the ESEEM experiment.

Correlation Peaks in HYSCORE Spectra A proton with I=1/2 shows two transitions with ωα and

ωβ. These correlations appear in terms of cross peaks in the HYSCORE spectra in the (++) quadrant

in the weak coupling case and in the (–+) quadrant in the strong coupling case (see Figure 3.9). If the

hyperfine splitting is comparable to the Zeeman splitting (aiso
� 2 � ωI � or � A � � � 2 � ωI � , and � aiso ���

2 � ωI � , exact cancellation) then transitions in both quadrants can be observed.
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Figure 3.11: Simulated HYSCORE spectra of a single deuteron coupling (Left), a single nitrogen

coupling (Middle) nucleus, and of the 2H and 14N couplings together (Right). The additional emerging

combination ridges according to the product rule are marked in gray. The spectra are all of the same

scale. Simulation parameters: 2H, aiso = 0.5 MHz, Adip = (1.5, -0.5, -1.0) MHz; 14N, aiso = 1 MHz,

Adip = (0.3, -0.1, -0.2) MHz, K = 1.9, η = 0.32.

In disordered systems the anisotropic hf interaction results in a spread of the nuclear transition fre-

quencies, ωα and ωβ, which leads, together with the correlations between ωα and ωβ, to different ridges

for the nuclear coherence transfer pathways in the 2D HYSCORE spectrum. For a simple example see

Figure 3.10. The shape of the ridges and their degree of separation depend on the magnitude of the

dipolar hfc. Basically, both dipolar and isotropic hfc parameters can directly be determined from the

cross peak ridges3.3c in the limit of the point dipole approximation which is shown in Figure 3.10) [110].

Very often several paramagnetic nuclei are coupled to the electron spin. Couplings between these

nuclei can be neglected for most cases because they are much smaller then the intrinsic linewidth. Thus,

the nuclear spin Hamiltonian is diagonalized for each nucleus separately and the modulation function

is obtained from the product rule.3.3d The HYSCORE modulation formula then becomes:

VHY SCORE � τ � t1 � t2 � � 1
2

� N

∏
k � 1

Vαβ � k � τ � t1 � t2 � �
N

∏
k � 1

Vβα � k � τ � t1 � t2 �
�

(3.28)

The intensity of the combination peaks, which for example involve frequencies of two nuclei with

modulation depths k1 and k2 is approximately a factor � k1k2 � 4 smaller than the intensity of the allowed

cross peaks [92]. The effect of the presence of two coupling nuclei on the HYSCORE spectra is shown

in Figure 3.11. The observed combination frequencies are always sums and differences of the nuclear

frequencies of the same mS manifold in contrast to correlations which always connect nuclear transitions

of different mS manifolds.

3.3cThe situation quickly gets very complicated in the case of non-negligible quadrupole coupling, like for 14N nuclei, see

Figure 3.11.
3.3dThe same holds for the three pulse ESEEM experiment.
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Figure 3.12: Orientation selection: Only a subset of molecules where B0 lies parallel to the directions

marked in the molecular coordinate system contribute to ENDOR, ESEEM or HYSCORE transitions at

a chosen field value B0. Thus, at the edges of EPR spectrum, at g1 and g3, single crystal like orientations

are obtained. At intermediate positions all transitions of molecules with the respective effective g-value

overlap.

3.4 Orientation Selection in Frozen Solutions

Orientation selection effects are expected provided that the EPR spectra are dominated by g-tensor

anisotropy and/or by nuclear hyperfine interaction.3.4e Irradiation of any region of an EPR spectrum as

displayed in Figure 3.12 allows then to select a distinct group of molecular orientations for acquisition

of ENDOR and ESEEM/HYSCORE3.4f data. Systems with pronounced anisotropy (rhombicity) of

the g-tensor are advantageous for orientation selection. The resonance condition now depends on the

polar and azimuthal angles with respect to the g-tensor principal axes [101, 111]. Interpretation of

the spectroscopic data at one field magnitude must be consistent with interpretations at all other field

values. Owing to this effect, the information on the orientation of the hyperfine tensor relative to the

g-tensor can be extracted from ENDOR, ESEEM or HYSCORE spectra measured at different points on

the envelope of the EPR spectrum. If these spectra are recorded at the outer turning points of the EPR

spectrum ’single crystal-like’ spectra are obtained.

3.4eIn the case of an peak-to-peak width being larger than 2 mT.
3.4fThe power of microwave pulses is limited, e.g. typically B1 � 1 mT for most spectrometers, which allows orientation

selection for pulse methods, too.
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Chapter 4

Experimental Details and Methods for

Evaluation of Results

In this work the hydrogenase from D. vulgaris Miyazaki F has been investigated by means of electron

paramagnetic resonance spectroscopy in its various redox states. This chapter describes the applied

biochemical methods for sample preparation, experimental realization of the magnetic resonance tech-

niques, as well as the methods and procedures for the data processing of the experimental data and

subsequent interpretation of the spectra. Single crystals of the enzyme have been examined by orien-

tation dependent cw-EPR spectroscopy. The results are presented in Chapter 5. 61Ni isotope labelled

hydrogenase from D. vulgaris Miyazaki F has been prepared. The observed hyperfine couplings led

to valuable information about spin density distribution, which is discussed in Chapter 6. In Chapter 7

the results of pulsed EPR, as well as double resonance experiments on the oxidized (Ni-A/B), reduced

(Ni-C) and the light induced (Ni-L) states of the hydrogenase from D. vulgaris Miyazaki F are pre-

sented. They revealed hyperfine couplings of the hydrogen and nitrogen nuclei in the vicinity of the

spin-carrying center, which provided important information about the geometry of the active site.

4.1 Sample Preparation

4.1.1 Chemicals, Biochemicals and Materials

� HEPES (2-[4-(2-hydroxyethyl)-piperazinyl]-ethane-sulfonic acid), Tris (tris-(hydroxymethyl)-

aminomethan), HCl 37%, NaOH, (p.A.), Merck, Darmstadt, Germany
� Sephadex G-50, Pharmacia, Freiburg, Germany; Microcon YM-10 microconcentrator, Millipore,

Schwalbach, Germany
� MPD (2-methyl-2,4-pentane-diol) (

�
99%), Fluka, Neu-Ulm, Germany

� methyl viologen, Fluka, Neu-Ulm, Germany



30 4.1 Sample Preparation

� D2O (99.9 atom %), Isotec Inc., A. Matheson Tri-Gas Company; H17
2 O (40 atom %), 61Ni metal

(92%), Campro Scientific, Veenendaal, Netherlands
� H2 (5.0), 1% H2 in 99% He (5.0), Ar (5.0), D2 (2.7), Messer-Griesheim, Berlin, Germany; catalyst

for gas purification: R3-11G, BASF, Ludwigshafen, Germany
� The membrane-bound hydrogenase from D. vulgaris Miyazaki F isolated and purified as de-

scribed previously (enzyme solutions [62] and single crystals [112]) was kindly provided by Y.

Higuchi and H. Ogata (Kyoto, Japan) and later by B. Katterle (Mülheim).

4.1.2 Oxidized States

Samples at different pH values were prepared by gel filtration over a Sephadex G-50 column equili-

brated with the respective buffer, according to Penevsky [113] and successive reconcentration of the

eluate with a microconcentrator. Concentrations lower than � 5-10 mM were stable for several hours

or days. At higher concentrations the enzyme denatured notably. For pH 5.5-6.5 HEPES, 25-100mM

and for pH 7.0-8.0 Tris/HCl, 25-100mM was used. However, if nothing indicated as experimental con-

ditions, then the samples were prepared in 25 mM Tris/HCl at pH 7.4. The enzyme concentration was

determined according to the method described by Bradford [114]. The (systematic) error of the protein

determination method is estimated to be about 10 %.

Single crystals of the hydrogenase were grown by the sitting drop vapor diffusion method from

33% MPD (2-methyl-2,4-pentane-diol) and 25 mM Tris/HCl buffer solution at pH 7.4 [112]. The crys-

tals belonged to the orthorhombic space group P212121 and contained four magnetically inequivalent

molecules (sites) per unit cell. Their respective orientations are related to each other by a 21 screw axis.

Isotope Exchange Experiments Solvent exchange with the respective buffer in D2O or H17
2 O was

obtained by repeated concentration of the enzyme solution with a microconcentrator to about 1/20 of

the initial volume and redilution with the respective buffer solution for at least 6 times. Tris buffer of the

isotope exchanged solvent was prepared by thorough lyophyllization of 1 ml portions of the respective

buffer solution in H2O and redilution in the solvent. To achieve 25mM Tris/DCl pDtrue 7.4, a dried

solution of Tris/HCl at pH 7.1 was used [12, 115] and for the H17
2 O buffer pH 7.4. Upon the H/D

isotope exchange procedure, the enzyme behaved more sensible, it denatured faster than in respective

procedure in H2O.

The reductions of D2O exchanged samples were undertaken under 100% D2 gas, following the

procedure described in section 4.1.3.

For the 61Ni labeling, bacteria were grown in a 100 l steel fermenter according to the protocol given

in [62] with the addition about 150 mg of 61NiCl2. The 61NiCl2 salt was prepared by dissolving 61Ni

metal in HCl 1:1 diluted in H2O at 70-90
�

C for 13h. The resulting clear green solution was evaporated.

The green precipitate (NiCl2 � 6H2O) was dried at 110
�

C until its weight did not decrease any more. A

yellow powder (NiCl2) with a yield of 98 % was obtained.
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Preparation of the Ni-A and Ni-B states In the as isolated samples of D. vulgaris Miyazaki F EPR

signals of both species, Ni-A and Ni-B, are detectable. Depending on the respective enzyme prepara-

tion, the ratio of Ni-A:Ni-B was 3:7 - 1:1. In order to obtain pure Ni-B, the samples were reduced as

described in section 4.1.3. The reoxidation to Ni-B to relative spin concentrations of about or more 90%

Ni-B with respect to Ni-A was carried out by reoxidation of the sample, cooled in an ice-bath, with air

for about 10-30 minutes. The time of exposure to air depended on the enzyme concentration. Upon

longer incubation times signals at g � 2.26, 2.20, 2.14 emerged. The percentage of Ni-A in the EPR

spectra could be increased by reoxidizing the sample under argon atmosphere at room temperature.

However, only up to 60 % Ni-A was obtained with satisfying spin concentrations.

4.1.3 Reduced States

Preparation of the Ni-C State in Solutions and in Single Crystals All experiments under exclusion

of oxygen have been undertaken using a home-built gassing apparatus as described by Beinert et al.

[116].

The enzyme samples were activated and reduced under pure hydrogen gas or deuterium gas at 37
�

C

and atmospheric pressure for 2-3 h (3-6 h with D2 gas) directly in the quartz EPR tubes. In order to

gain higher spin concentrations of Ni-C, the active enzyme was treated with a mixture of 1% H2 in 99%

He for about 30 minutes. To ensure a homogeneous distribution of the gas in the solution, the samples

were stirred with small stirring bars (1 x 5-10 mm). The activated samples were then rapidly frozen in

liquid nitrogen.

In order to gain the ’unsplit’ form of the reduced state, i.e. the reduced form of the active site with

oxidized and thus diamagnetic [4Fe-4S]-clusters, the H2 reduced sample was equilibrated under Ar at

low temperatures (ice-bath) in the EPR tube and mixed with a small stirring bar until the splitting of the

EPR transitions was diminished. A reasonable diminution was usually achieved with incubation times

of about 15-30 minutes.

The size of the crystals used for EPR experiments was approximately 1-2 mm x 0.5 mm x 0.5 mm.

The crystals had to be soaked with a precipitant solution containing 1-2 mM methyl viologen for at least

10-14 days (Incubation times longer than 6 weeks deactivated the crystallized enzyme completely).

Then the crystals were placed in thin walled quartz capillaries and the precipitant solution was removed

until the crystal was only slightly covered by the liquid. The capillaries were marked to indicate the

initial position for the angular dependent EPR experiments and then transferred to quartz EPR tubes.

The crystals were then reduced under pure hydrogen at 37
�

C for several hours. The success of reduction

of single crystal samples was checked by EPR spectroscopy at room temperature. The samples were

then rapidly frozen in liquid nitrogen.

Conversion to Ni-L in Solutions and in Single Crystals Frozen samples in the Ni-C state were illu-

minated with white light at low temperatures either in a liquid nitrogen bath or directly in the resonator
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(T � 100K). The time of illumination at liquid nitrogen temperature was at least 10 min for diluted

samples. For single crystals which have a high optical density the conversion time was accordingly

longer, up to a few hours. The reaction back to Ni-C was achieved with increasing velocity at temper-

atures higher than 130 K [38]. In practice, a freezing mixture with a temperature of 200 K of ethanol

and liquid nitrogen was prepared where the sample in the EPR tube was equilibrated for about 10-15

min in the dark.

4.2 Magnetic Resonance Spectroscopy Setup

For the EPR experiments the following quartz tubes have been used: 707SQ, i.d. 3 mm, o.d. 4 mm for

X-band measurements or 705PQ, i.d. 2 mm, o.d. 3 mm for Q-band measurements (Wilmad).

cw-EPR Experiments EPR measurements were performed at X-band with a Bruker ESP 300E spec-

trometer in a Bruker double resonator (4105DR) which was equipped with an Oxford helium cryostat

ESR 910 (4.2-300 K). The field was calibrated with a Bruker ER035 NMR-Teslameter, and the mi-

crowave frequency was measured with a Hewlett-Packard 5352B frequency counter. Q-band exper-

iments were undertaken with a Bruker ER 200D spectrometer equipped with a Bruker ER 051 QG

Microwave bridge, a Bruker Q-band resonator (ER 5106QT), and an Oxford CF 935 cryostat. The ER

200D spectrometer was controlled by an Atari TT/030 computer. The frequency was monitored by a

frequency counter (HP 5352B), and the magnetic field was measured by a Bruker NMR gaussmeter

(ER 035).

cw-ENDOR Setup cw-ENDOR measurements were performed with a Bruker ESP 300E spectrom-

eter in a home-built TM110 ENDOR resonator, especially designed for transition metal systems [117].

The resonator was equipped with a 16-turn ENDOR coil, a rf signal generator (Rhode & Schwarz,

SMT 02), and a 200 W rf power amplifier (ENI A3200 L, 0.25-150 MHz). The set-up was equipped

with an Oxford helium cryostat ESR 910 (1.8-300 K). The field was calibrated with a Bruker ER035

NMR-Teslameter and the microwave frequency was measured with a Hewlett-Packard 5352B frequency

counter.

Pulsed EPR Experiments Pulsed EPR experiments were performed with a Bruker ESP 380E spec-

trometer in a Bruker dielectric ring resonator (ESP380-1052 DLQ-H) equipped with an Oxford he-

lium cryostat CF 935 [118]. Temperatures below 4.2 K have been obtained by decreasing the pres-

sure in the cryostat with an additional pump. In the 2D-pulse EPR experiment the pulse sequence of

π � 2 � τ � π � 2 � t1 � π � t2 � π � 2 � τ � echo [119, 120] was applied with the nominal length of the

π � 2- and π-pulse of 16 ns and 32 ns, respectively. Four step phase cycles, see Table 3.2, were used to

eliminate unwanted features from the echo envelopes [109]. Spectral processing (2D fast Fourier trans-
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formation) of the four-pulse-two-dimensional HYSCORE patterns was performed using Bruker X-EPR

software.

4.3 Spectra Analysis

4.3.1 Simulation and Fit of EPR Spectra

EPR Spectra of Frozen Solutions The EPR powder spectra were simulated using the in-house pro-

grams ELSI [121] and SPLEEN [78].

Single Crystal EPR and Determination of the g-Tensor The g-tensor is characterized by three prin-

cipal values: g1, g2, and g3. The orientation of the principal axes with respect to the laboratory frame is

obtained from analyses of the angular dependence of EPR transitions of single crystals. Experimentally,

the respective spectral positions g � θ � φ � are obtained from the resonance condition

hν � g � θ � φ � βB0 (4.1)

where h is Planck’s constant, ν is the spectrometer frequency, β is the Bohr magneton, and g � θ � φ �
the effective g-value. The angles θ and φ describe the orientation of the g-tensor principal axes with

respect to the magnetic field B0. Depending on the number j of magnetically inequivalent molecules

per unit cell (sites) a corresponding number of resonance positions is observed [122]. In the case

of the space group P212121 four magnetically distinct molecules are found in the unit cell; thus one

expects a maximum of four resonance lines in the EPR spectrum. If the magnetic field is located in a

crystallographic plane, two signals pairwise coincide and a maximum of two signals is observed. If B0

is parallel to one of the crystallographic axes only one 4-fold degenerate resonance line is detected.

In this work, the g-tensor principal axes have been determined by investigation of arbitrarily ori-

ented single crystals. Three right-handed, orthogonal reference frames were defined: the laboratory

frame (L), the crystal frame (C), and the intrinsic frame (I). In the latter, the g- and g2-tensors are

diagonal and i � 1 � 2 � 3 represents the tensor principal axes. These three frames are related by rotations,

which can be described by three Euler angles each. In the analysis, the direction cosines of the g-tensor

principal axes (1,2,3) in the crystal frame (a � b � c) were determined. The fit routine always attributes the

largest principal g-value to g1 and the smallest to g3. Detailed information about the fit algorithm used

can be found in ref. [85].

The effective g-values g j � θ � φ � of the four sites j, were collected from EPR spectra of single crystals

in an arbitrary orientation rotated about an axis perpendicular to the magnetic field by an angle α. By

a simultaneous fit of all four sites using a numerical fit routine based on a simplex algorithm described

in detail in ref. [78], the three principal g-values and the six Euler angles defining the relations between

the frames L and C, and between C and I have been determined.
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4.3.2 Simulation of ENDOR Spectra

Simulation of orientation selected ENDOR spectra yields besides the magnitudes of the hyperfine cou-

pling constants geometrical information about the locus of the coupling nuclei.

In the case of anisotropic g- and hfc-tensors the ENDOR transition energies depend on the orienta-

tion of the magnetic field relative to the molecular axes. At a given field, only a subset of molecules with

appropriate orientations contributes to the EPR intensity and thus to the ENDOR spectrum recorded

at this field value. Orientation selected ENDOR spectroscopy allows full determination of electron-

nuclear interaction tensors in favorable cases. These values can only be derived by simulation of the

spectra, which was done with the in-house simulation program SPLEEN [78]. A detailed description

of the algorithm is available in [78].

For the determination of the exact g-values at a given field value the EPR spectrum was first sim-

ulated. The ENDOR frequencies were then calculated for the chosen respective field values. The

orientation of the hyperfine tensor axes was given by three Euler angles, relating the orientation of the

hyperfine tensor to the orientation of the principal axes of the g-tensor. By means of comparing the

set of the simulated ENDOR spectra to the experimental set and by stepwise adjusting the simulation

parameters, the principal values of the nuclear hyperfine tensors and the orientation of the hfc tensors

relative to the g-tensor principal axes were ascertained. Transformation to the crystal frame yielded the

directions of the dipolar axes and thus, the desired structural information about the locus of the coupling

nuclei.

4.3.3 ESEEM and HYSCORE Spectra

Data Manipulation All the pulse EPR spectra were processed using the program Xepr of Bruker. In

order to minimize interfering contributions, like the mostly unavoidable unmodulated relaxation decay

and a baseline shift, a correction was done by subtraction of a polynomial function of 2nd-3rd order

or a function of exponential decay from the data. The choice of the respective function depended on

the value of T1. The time traces were then multiplied with a Hamming function. Prior to Fourier

transformation, the spectra were expanded to the next power of two by zero-filling (512 by 512 or 1024

by 1024 points) if needed. For the interpretation the absolute of the spectra was taken.

Simulation Procedure An in-house simulation program was used that based on an ESEEM simula-

tion procedure [123] which was modified according to [120]. The principal g-values were determined

by simulation of the respective EPR spectra. Initial values for the hfc of the H/D nuclei, a iso and adip,

were determined from the spectra according to the method described by Pöppl et al. [110]. The orienta-

tion of the principal axes of the hyperfine tensor relative to the g-tensor principal axes was described by

three Euler angles. The latter five values were carefully adjusted during the simulation process of the

spectra recorded at different field values. A transformation back to the crystal frame yielded the relative
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positions of the paramagnetic nuclei with an error of about 10
�

. The distance of the coupled nucleus

was determined applying Equation (3.9).
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Chapter 5

Determination of the g-Tensor Principal

Axes of the Ni-C and Ni-L States

EPR spectroscopic studies in frozen solutions yield only the g-tensor principal values [59]. A direct

determination of the orientation of the principal axes of the g-tensor with respect to the crystal structure,

which can be related to the molecular structure, is available from EPR studies on single crystals. This

has been demonstrated earlier by Geßner et al. [85] and Trofanchuk et al. [79] for the oxidized states of

the enzyme using single crystals of the hydrogenase from D. vulgaris Miyazaki F.

This chapter presents the results of single crystal EPR studies of the hydrogenase in the Ni-C and

the Ni-L state. The availability of an X-ray structure at high resolution of the reduced hydrogenase from

D. vulgaris Miyazaki F [24] allowed to relate the g-tensor orientation of the Ni-C and Ni-L states to the

molecular structure. Furthermore, the derived experimental g-tensor magnitudes and orientations are

compared with those proposed by density functional theory (DFT) calculations, performed on various

geometrically optimized models of the active sites in the Ni-C and Ni-L form [124,125]. The results are

compared with the work of Müller et al. [126] who determined the g-tensor orientation for Ni-C based

on EPR and ENDOR data on two different hydrogenases in frozen solution and obtained a different

orientation. On the basis of the experimental work presented in this Chapter in combination with earlier

results of DFT calculations [81,124,125], several of the open questions in hydrogenase research will be

addressed, namely the formal oxidation states of the nickel in all its paramagnetic intermediate states,

the structure of the [NiFe]-cluster, including the most probable type of the third bridging ligand between

the metals, and the functional role of the active center of the enzyme in the hydrogen conversion process.

5.1 EPR Measurements and Fit of the Data

Representative EPR spectra of Ni-C and Ni-L in frozen solutions are shown in Figure 5.1. The prin-

cipal g-values g1 � g2 � g3, that are very similar to values measured for [NiFe]-hydrogenases from other

organisms [59] have been found by simulations (see Figure 5.1, caption).
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Figure 5.1: EPR spectra of reduced (Ni-C)

and illuminated (Ni-L) solutions of the NiFe]-

hydrogenase from D. vulgaris Miyazaki F and

the respective simulations (dashed). The simu-

lations were performed using an in-house sim-

ulation program [121] with the following pa-

rameters: gi = 2.195, 2.144, 2.010 (error
�

0.002) and a linewidth of 1.1–1.3 mT (for NiC),

gi = 2.296, 2.118, 2.046 (error
�

0.002) and

a linewidth of 0.4–0.6 mT (for Ni-L). Experi-

mental conditions: X-Band, 9.6 GHz, T = 50K,

microwave power 1 mW, field modulation 100

kHz, modulation amplitude 1 mT, accumula-

tion time 420s, each.

22.12.22.3
g−value

Ni−C

Ni−L

For the determination of the g-tensor principal axes with respect to the spatial structure of the

active site, a knowledge of the orientation of the crystallographic axes (a � b � c) is required. In previous

work of our group, the g-tensor orientations of the states Ni-A and Ni-B with respect to a � b � and c

have been determined by a combination of EPR spectroscopic and X-ray diffraction data [79, 85]. By

using these known g-tensor parameters, we assigned the crystal axes orientation for our specifically

mounted crystal in the oxidized state (Ni-A/B). Since the orientation of the crystal was not changed

during activation and conversion to Ni-C, we related the orientation of the crystal axes of the oxidized

to that of the reduced state. After illumination of the sample with white light, a partial conversion of

Ni-C to Ni-L was achieved. This allowed us to measure the g-tensor orientation relative to the crystal

axes of both forms in the same crystal and in one set of angular dependent EPR spectra (Figure 5.2).

According to our EPR experiments, no major structural changes of the protein took place upon

reduction and the single crystalline character of the sample was fully retained. Additional evidence

for that came from X-ray structure analysis. The atomic coordinates hardly differed from those of the

oxidized enzyme concerning the direct Ni coordination sphere. The rms (root-mean-square) deviation

of the distances for atomic positions between the oxidized and reduced structure was 0.29 Å for the

metal centers and 0.24 Å for the main chain atoms [24]. In the active site, the Ni-SCys bond angles

were changed by less than 7
�

and the respective bond lengths varied by � 0.08 Å compared with those

of the structure of the oxidized state.

The EPR spectra of oxidized (data not shown) and reduced single crystals exhibited resonance lines
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Figure 5.2: Angular depen-

dence of EPR resonance posi-

tions of the reduced and illumi-

nated [NiFe]-cluster in a single

crystal of [NiFe]-hydrogenase

from D. vulgaris Miyazaki F

containing both Ni-C and ( ����� )

Ni-L (- - -). Rotation of the

sample (in an arbitrary orienta-

tion about an angle α perpen-

dicular to the applied magnetic

field). The dominant signal at

g
�

2 � 00 results from reduced

methyl viologen; at g
�

2 � 06 a

signal of the dielectric ring res-

onator due to Cr3
�

impurities is

observed that shows no angular

dependence. Experimental con-

ditions: X-Band, 9.8 GHz, T =

50K, microwave power 1 mW,

field modulation 100 kHz, mod-

ulation amplitude 1 mT, accu-

mulation time 140min for each

trace.

α

that varied systematically with the orientation of the crystal relative to B0. According to the space group

P212121, the periodicity of the angular dependent spectra is 180
�

. In the case of oxidized single crystals,

the spectra exhibited two sets of four lines that correspond to the presence of the two paramagnetic

species, Ni-B and Ni-A. In the oxidized enzyme, ratios of EPR active species of about 70
�

10% Ni-B

and 30
�

10% Ni-A were found both in the protein solution and in the single crystals [79, 85]. Upon

reduction of the solution with hydrogen, we typically obtained a spin concentration of 40
�

10% relative

to that observed in the oxidized state (Ni-A/Ni-B), in agreement with values found in the literature [53].

It can be assumed that the rest is in the EPR silent state (Ni-Si) [8]. Under hydrogen gas atmosphere,

the Ni-A/Ni-B signals in the single crystals vanished completely and a new species, Ni-C, appeared.
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Figure 5.3: Angular dependence of the

effective g2 values. The dots repre-

sent experimental values derived from

the spectra depicted in Figure 5.2. The

black dots ( � ) are the values taken for

the fit routine. The curves show the the-

oretical resonance positions for Ni-C (-

- -) top and Ni-L ( � ��� ) bottom calcu-

lated by a simultaneous fit of all four

sites to the resonances of the respective

state [85]. The four sites per unit cell are

marked by Roman numbers. A 180
�

ro-

tation of the g-tensor orientation of site

I about the crystal axis a yields site II,

about b yields site III and about c site

IV, respectively. Note, that a relation be-

tween the site numbering of Ni-C and

Ni-L cannot be given a priori, see text.
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Only one set of four resonance lines at maximum was observed in the spectra (data not shown) which

indicated the presence of one paramagnetic species in the reduced single crystal. By illuminating the

crystal at low temperatures, an additional set of resonance lines, which could be assigned to the Ni-L

species, was generated (see Figure 5.2).

The effective g-values of the EPR transitions g j � θ � φ � were directly taken from the EPR spectra

(error: ∆α � �
1

�

, ∆g
�

0 � 002). Because of the strong superimposed EPR signal of methyl viologen at

g � 2.00, we only considered the range of 2.291
�

g j � θ � φ � �
2.033 in our analysis. The results of the

fits for Ni-C and for Ni-L are shown in Figure 5.3.

The fit-procedure yielded the principal g-values and the direction cosines of the g-tensor principal

axes with respect to the crystal frame (Table 5.1). The g-tensor principal values determined from the

analysis of single crystal EPR spectra were identical within error to the values for Ni-C and Ni-L in

frozen solutions (Table 5.1). The error of the g-tensor orientations was determined to be less than 2
�

.

According to the space group P212121, four different g-tensor orientations were obtained. The direction

cosines of the principal axes of the g-tensor of the remaining three sites can be obtained by appropriate

rotations about one crystal axis (a � b or c), which corresponds mathematically to a permutation of signs.

This has been done independently for Ni-C and Ni-L.
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Table 5.1: Principal values and direction

cosines of the g-tensor of Ni-C and Ni-L in

single crystals of the [NiFe]-hydrogenase from

D. vulgaris Miyazaki F. gi: g-tensor principal

values (i � 1 � 2 � 3) as obtained from the fit rou-

tine. lki: direction cosines of the g-tensor prin-

cipal axes (i=1,2,3) in the crystal axes system

(k � a � b � c) for the respective sites I of the four

magnetically inequivalent sites.

1 2 3

Ni-C gi 2.198 2.142 2.012

lai 0.461 0.455 -0.762

lbi -0.204 -0.781 -0.590

lci -0.864 0.428 -0.267

1 2 3

Ni-L gi 2.298 2.116 2.045

lai 0.556 0.355 -0.751

lbi -0.325 -0.739 -0.590

lci -0.765 0.572 -0.296

5.2 The g-Tensor Orientation of the Ni-C State

5.2.1 Experimental g-Tensor Orientation

In the next step the g-tensor axes in the crystal frame had to be assigned to the four possible sites in the

unit cell. In principle, this is not possible from the EPR data alone. However, when the four possible

assignments are compared, one assignment is favored on the basis of molecular orbital and crystal field

theory considerations as detailed later. The four possible g-tensor orientations of the Ni-C state of the

active site of the hydrogenase from D. vulgaris Miyazaki F are overlaid to the X-ray structure of the

reduced enzyme [24] in Figure 5.4. Since the largest part of the spin density of the [NiFe]-cluster

is located at the Ni atom [55, 75, 76], and the nickel ion contributes most to the g anisotropy (via its

dominant spin orbit coupling [127]), the displayed g-tensors are centered on this atom.

The spatial structure of the catalytic center and the g-tensor orientations are closely related to

each other, since the interaction of the unpaired electron spin at the metal site with the surrounding

ligands largely determines the orientation of the axes [59]. In the oxidized forms, the coordination

of the Ni atom in the active site can be described either as a slightly distorted octahedron where one

ligand position is empty or as a strongly distorted square pyramid (Figure 2.1). Upon reduction, the

bridging ligand is removed (Figure 2.1) and supposedly replaced by a hydrogenic species; thus, a

coordination sphere similar to Ni-A/B should be retained (see later). EXAFS studies indicated that

the formal oxidation state of the Ni center is Ni(III) in Ni-A, Ni-B, and Ni-C [128]. The g3 values in all

these states are close to the free electron value ge and the other principal g-values are notably larger than

2. This indicates a formal Ni(III) in a 3d1
z2 ground state in all three cases [59], which is also supported

by the results of DFT calculations [81] as discussed later. When the coordination geometry and the

nature of the ground state of the active state are taken into account, the directions of the g3 axis should

be retained in all these states, that is along the Ni-S(Cys549) bond and pointing to the unoccupied sixth
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Table 5.2: Angles (in de-

grees) between the Ni-SCys

bonds of the X-ray structure

of the reduced hydrogenase

from D. vulgaris Miyazaki F

[24] and the gi tensor prin-

cipal axes (i � 1 � 2 � 3) of the

Ni-C and the Ni-L states for

the four different sites.

Ni-C Ni-L

site direction 1 2 3 1 2 3

I Ni–SCys81 12 90 78 17 80 76

Ni–SCys84 87 14 76 77 19 77

Ni–SCys546 84 17 74 86 15 75

Ni–SCys549 85 88 5 87 88 3

II Ni–SCys81 45 74 49 51 68 48

Ni–SCys84 78 45 48 84 42 48

Ni–SCys546 74 38 57 82 33 58

Ni–SCys549 41 50 83 30 61 84

III Ni–SCys81 32 60 80 42 49 82

Ni–SCys84 72 63 33 69 67 32

Ni–SCys546 62 65 39 59 70 38

Ni–SCys549 81 20 72 71 27 72

IV Ni–SCys81 54 40 74 65 31 73

Ni–SCys84 55 45 66 47 53 66

Ni–SCys546 51 54 60 44 62 59

Ni–SCys549 58 74 36 61 68 38

coordination site in the X-ray structure (Figure 2.1).

We calculated the angles between the g-tensor principal axes and the respective Ni-S bonds of

the coordinating cysteines for all four possibilities using the coordinates of the X-ray structure of the

reduced enzyme [24] (Table 5.2). Only one out of the four given orientations fulfilled the above-

discussed criterion, as all other orientations notably deviate from the Ni-S(Cys549) bond (see Figure

5.4).

The following assignment of the g-tensor axes for the Ni-C state is therefore proposed: The g3

direction is retained with respect to the oxidized states, and it deviates only by an angle of 7
�

from the

g3 axis of Ni-B [79]; g1 and g2 are exchanged with respect to the oxidized states Ni-A and Ni-B. The g3

axis of Ni-C deviates from the Ni-S(Cys549) bond by an angle of only 5
�

; g1 lies near the Ni-S(Cys81)

bond. The orientation of the g2 axis corresponds approximately to the S(Cys546)-Ni-S(Cys84) direction

(see site I in Figure 5.4).

Our proposed g-tensor orientation is supported by the following experiments:

(i) Guigliarelli et al. analyzed the solution EPR spectra of ’split’ Ni-C of the hydrogenase from D.

gigas recorded at different microwave frequencies [74]. When the principal g-values of the proximal

[4Fe-4S]
�

-cluster are assumed to be similar to those of [4Fe-4S]
�

ferredoxins, the EPR spectra have
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Figure 5.4: Stereo views of

the four possible g-tensor orien-

tations of Ni-C obtained from

analysis of the single crystal

EPR spectra of the reduced en-

zyme. The Roman numbers cor-

respond to the labeling of the

four sites as indicated in Figure

5.3.
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been simulated by considering the magnetic interactions between two point dipoles, namely the [NiFe]-

center and the proximal iron-sulfur cluster. The relative arrangement and g-tensor orientation of the

Ni-center with respect to the proximal cluster were obtained. The resulting g-tensor orientation is

similar to the one we determined for the oxidized states, Ni-A and Ni-B [79], which have the g3 axis in

the same direction as the reduced states.

(ii) Orientationally selected ENDOR spectroscopy was performed recently on the Ni-C state in a
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related [NiFe]-hydrogenase [129–131]. The ENDOR spectra were analyzed in detail and could only be

simulated satisfactorily by using our proposed g-tensor orientation (site I) [130, 131].

Müller et al. [126] published a g-tensor orientation for Ni-C derived from the analysis of orientation-

ally selected ENDOR spectra of the [NiFe]-hydrogenase from D. gigas and the [NiFeSe]-hydrogenase

from D. baculatum, both measured in frozen solution. They performed a simultaneous fit of the proton

hyperfine couplings at the respective positions, the g-tensor orientation, and the spin density distribu-

tion to the ENDOR data. The proposed g-tensor orientation by the authors significantly deviates from

all four possible g-tensor orientations obtained by our single crystal EPR studies and can therefore not

be correct.

5.2.2 Comparison of Experimental Results of Ni-C with DFT Theory

In the crystal structure of the reduced form, the bridging ligand found in the oxidized forms Ni-A and

Ni-B [23,25] is removed and its position is vacant [24,36]. EPR spectroscopy cannot detect a potential

substrate (H2) or product (H
�

or H
�

) binding in this site since the hyperfine interaction is smaller than

the EPR linewidth. ENDOR investigations of the Ni-C state of [NiFe]-hydrogenases were performed,

in both H2O and D2O, on [NiFe]-hydrogenases from Thiocapsa (Th.) roseopersicina [38] and from D.

gigas [37] found a large D2O exchangeable hyperfine coupling of about A(H1) � 17 MHz and 20 MHz,

respectively. It was proposed that this coupling belongs to a hydrogenic species directly bound to the

Ni center, probably in an in-plane position relative to the 3dz2 orbital [37].

Only when a Ni(III) with a H
�

bridge located between Ni and Fe was used for DFT calculations5.2a

good agreement with the g-tensor magnitudes and the principal axes orientation has been obtained

[125]. The calculated g-tensor orientation shows that g3 is indeed retained compared to the direction

in Ni-A/B, it lies close to the Ni–SCys549 bond. The g1 and g2 axes are approximately interchanged

compared to the oxidized forms; in the Ni-C state the g1 axis with the largest principal g value points

towards the position of the (bridging) hydride, see Table 5.3 and Figure 5.5. The calculated g-tensor

orientation compares remarkably well with the experimentally determined site I. The calculated angle is

15
�

between g1 and Cys81, 12
�

between g2 and Cys84, and 4
�

between g3 and Cys549. The respective

experimental angles (site I) are 12
�

, 14
�

and 5
�

(see Table 5.2). The other three possible experimental

orientations, belonging to the other three sites, do not agree with the calculations.

The agreement of the g-tensor principal magnitudes and orientation and the hfc’s of various mag-

netic nuclei [125, 132, 133] indicates that the structure of the Ni-C intermediate is basically correct.

5.2aThe structure used for DFT calculations [84, 124, 125] is displayed in Figure 2.2
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Table 5.3: Comparison

of experimental g-tensor

principal values of Ni-

C and Ni-L with calcu-

lated values for various

complexes with different

types of the bridging lig-

and X between Ni and

Fe (taken from [124], for

the model used see Fig-

ure 2.2).

ox. state type of bridge g1 g2 g3

Ni(III) vacant bridge 2.28 2.03 1.99

Ni(III) H
�

axiala, vacant bridge 2.13 2.06 2.02

Ni(III) H
�

axiala, H
�

bridge 2.13 2.02 1.96

Ni(III) H
�

bridge 2.20 2.10 2.00

Ni(I) vacant bridge 2.26 2.10 2.05

Ni(I) H
�

bridge 2.09 2.03 2.03

NiC (exp.) 2.20b 2.14 2.01

NiL (exp.) 2.30 2.12 2.05
a ligand bound to Ni at the sixth position. b in [8] a value of 2.19 was found.

5.3 The g-Tensor Orientation of the Ni-L State

5.3.1 Experimental g-Tensor Orientation

The set of direction cosines for Ni-L derived from the fit routine is very similar to that of Ni-C (see

Table 5.1). However, the assignment to the four molecules in the unit cell for Ni-C and Ni-L is a

priori not known. A possible assumption is that the orientation is not significantly changed in the

light-induced process at low temperatures (although the g-tensor magnitudes are). On the basis of this

model, we looked for the most similar axes orientations. The result is shown in Figure 5.6 in which

both experimental g-tensors of Ni-C and Ni-L are assigned to site I. In this assignment, the g3 axis is

retained in both states (deviation of 2
�

), whereas those of g1 and g2 are rotated in plane by 10
�

.

An indication that the g-tensor orientations of Ni-C and Ni-L are similar comes from studies of

Dole et al. [134]. These authors analyzed the ’split’ Ni-C and Ni-L EPR spectra in frozen solutions

of the standard hydrogenase from D. gigas [134] which result from the magnetic interaction with the

proximal [4Fe-4S]
�

-cluster (S=1/2). It was found that the relative orientations of the magnetic axes

of the proximal FeS-cluster and the [NiFe] center in the Ni-L state and the Ni-C state are not greatly

changed by the photodissociation process. The deviations between the g-tensor axes of the two investi-

gated states were found to be relatively small (25
�

for g3) [134]. It can be assumed that the electronic

structure and the g-tensor orientation of the iron-sulfur cluster are not affected by the illumination.

Comparing the EPR spectra of hydrogenase in the different paramagnetic states, one finds that Ni-L

no longer exhibits a resonance line near g � 2 � 0 as Ni-A, Ni-B, and Ni-C. The lowest g-value is now

shifted to g � 2 � 05. It has been proposed that this finding indicates a ground state different from 3d1
z2 ,

and a formal 3d1
x2 � y2 ground state has been discussed for this situation (see ref. [59] and references

herein). If we assume a 3d1
x2 � y2 ground state, the g-tensor axes should not deviate much from the

Ni-S-cysteine bonds, the same holds if the 3d1
z2 ground state is retained.

In Table 5.2, the deviation of the Ni-L g-tensor axes from the Ni-SCys ligand bond directions are
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given for the four different sites in the crystal unit cell. Only one out of four possible orientations,

namely site I, which is very similar to the g-tensor orientation of Ni-C, fulfilled the requirement of

minimal deviations between the g-tensor axes and the Ni-SCys bonds. The same assignment has been

found as the most likely one in the case of Ni-C (see above), showing that the two g-tensor orientations

are indeed very similar.

For the Ni-C state, we have shown that this species is best described by a Ni(III) bearing a hydride

bridge (H
�

) between the nickel and the iron atom. Earlier EPR and ENDOR experiments [38] on

standard hydrogenase conclusively showed a large exchangeable proton hyperfine coupling that was

lost upon conversion of Ni-C to Ni-L. This effect was interpreted as a photodissociation of a hydrogenic

species bound to the EPR active center [37, 38, 60, 130] that probably leads to a redistribution or an

increase of the electron density at the [NiFe] site, as detected by IR spectroscopy [31,51]. XAS data do

not show a pronounced Ni K-edge shift upon conversion from Ni-C to Ni-L that would indicate a metal

centered two electron photoreduction process at the [NiFe] site [38,128]. Also, a change in the number

of ligands at the nickel site could not be detected by means of EXAFS; however, the determination of

the absolute number of ligands is quite difficult, especially in the case of hydrogen being a possible

candidate [38, 128]. We assume that in this dissociation process the bridging hydrogen is lost, either as

H
�

or as H
�

, the latter leading to a f ormal reduction of the [NiFe] site in the Ni-L state. In this limited

valence picture one would obtain a f ormal Ni(III) d7 or a f ormal Ni(I) d9 species, respectively. This

question can be solved by a comparison of the experimental g-tensor magnitudes and orientations with

those calculated by DFT on various structural models of the active site as detailed later.

5.3.2 Comparison of Experimental Results of Ni-L with DFT Theory

DFT calculations indicated that the bridging ligand is removed as a proton: The two electrons remain

at the nickel atom and formally reduce the metal from a Ni(III) in Ni-C to a Ni(I) in Ni-L [124].

Ni � III � � C hv� �

� H
� Ni � I � � L

The proton is transferred to a nearby acceptor, probably a basic amino acid like arginine. This leads to

g-values of 2.26, 2.10, 2.05 (Table 5.3), which are in remarkably good agreement with the experimental

values. In particular, the shift of g3 to a value significantly different from ge is reproduced. Thus, a

loss of a proton and a change of the ground state in Ni-L are very plausible. The calculated g-tensor

orientation is similar to that obtained for the Ni-C form (see later).

The deviation between the measured and calculated g-tensor orientations for Ni-L (see Table 5.4) is

larger than that for the Ni-C form. This may be due to the fact that the photodissociated proton, which is

probably transferred to a nearby amino acid, has not been included in the calculations. Nevertheless, the

overall experimental g-tensor orientation could be reproduced (see Figure 5.5). From the calculations

alone, a definite conclusion about the structural parameters of the active site upon illumination cannot

be made. The electronic structure is not greatly affected by relaxing the structural constraint of the
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Table 5.4: Comparison of experimental and calculated g-tensor principal values and orientations of

Ni-L. Deviations of the g-tensor axes orientation from the nickel-ligand bonds are given in degrees

(taken from [124]).

g-values g-tensor axes orientation

g1 g2 g3
� � (g1–SCys81) � � (g2–SCys84) � � (g3–SCys549)

Ni-La ZORAc 2.276 2.101 2.054 17 49 37

Ni-Lb ZORAc 2.257 2.097 2.049 22 34 23

Ni-Lb QR ROKSd 2.291 2.112 2.067 24 18 15

Ni-Lb QR UKSd 2.211 2.138 2.090 22 13 8

exp. site I 2.298 2.116 2.045 17 19 3

a geometry of Ni-C retained for this calculation. b optimized geometries of Ni-L used for g-tensor calculations. c ZORA

denotes the ’zero-order regular approximation’ Hamiltonian [135] which treats spin-orbit coupling self-consistently. d QR

is the ’quasi-relativistic’ Hamiltonian [136] which allows a spin-restricted (ROKS) and spin-unrestricted (UKS) approximate

treatment of spin-orbit coupling

Ni-C conformation. When spin-polarization is considered, one obtains a better agreement with the

experimental site I for the g-tensor orientation in Ni-L (see Table 5.4). Still there is a predominant

preference of the 3dz2 orbital which explains a g-tensor orientation of the Ni-L state similar to the Ni-C

state and supports the assignment to site I.

5.4 Conclusion and Outlook

In this work, the active state Ni-C in the reaction cycle of [NiFe]-hydrogenase and the related light

induced Ni-L state have been studied by EPR at low temperatures for the first time in reduced and

illuminated hydrogenase single crystals from D. vulgaris Miyazaki F. This allowed a precise determi-

nation not only of the g-tensor magnitudes but also of the g-tensor axes orientations with respect to the

crystal axes. On the basis of various experimental and theoretical results, a plausible assignment of the

g-tensors to a specific site and thus to the atomic structure of the active NiFe center could be achieved

for both Ni-C and Ni-L. The axes are compared to those obtained earlier [79] for the oxidized states

Ni-A and Ni-B in Figure 5.6.

For the reduced Ni-C [124] as well as for the oxidized states Ni-A and Ni-B [79], a formal Ni(III)

in a 3d1
z2 electronic configuration is proposed and for all three states a similar g-tensor orientation is ob-

tained. The g3 axis is almost parallel to the Ni–SCys549 bond. However, in the Ni-C state, an exchange

of the g1 and g2 axes occurred with respect to Ni-A and Ni-B. Apparently, the exchange of the bridg-

ing oxygenic (O2 �
/OH

�
, see ref. [25]) or sulfuric (S2 �

/SH
�

; see ref. [23, 24]) ligand for a hydrogenic

species (H
�

, H
�

or H2, see [24]) does not change its preferred direction but leads to a difference in the
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Figure 5.5: Stereo view of the g-

tensor orientations of Ni-C and

Ni-L obtained from DFT cal-

culations on the geometry op-

timized structures shown [124,

125]. Note, that the Cys residues

are truncated for clarity.
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g-tensor magnitudes and the spin density distribution. In the Ni-L state, experiments indicate a formal

Ni(I) redox state, which is obtained via reversible photodissociation of a proton from the bridging po-

sition. A g-tensor orientation resembling the orientation in the Ni-C state was determined, although the

g-tensor magnitudes are quite different.

The experimental results have been compared with relativistic DFT calculations within the ZORA

approximation performed on geometrically optimized model structures for the active site of the [NiFe]-

hydrogenase [124]. In these calculations, the oxidation state of the nickel (either f ormal Ni(I) or

Ni(III) oxidation states), the type of the third bridging ligand X between nickel and iron and possible

protonation sites have been varied. The limited-size models used are already able to reproduce well the

experimentally observed g-tensors. A good agreement between experimental and calculated magnitudes

and orientations of magnetic resonance parameters was obtained when a f ormal Ni(III) state with a

hydride (H
�

) bridge was chosen for Ni-C and a f ormal Ni(I) with a vacant bridge was chosen for Ni-

L. The detailed analysis of DFT calculations showed that in both states the majority of unpaired spin

density is at the nickel (51% and 76% for Ni-C and Ni-L, respectively [125]) and only a small amount

is at the Fe. However, a considerable fraction of the unpaired spin density is found at the sulfur ligands

(see ref. [81]). A natural atomic charge (NAC) analysis shows that Ni-C is correctly described by a 3dz2

ground state, whereas in Ni-L a substantial fraction of the unpaired electron is additionally found in the

3dx2 � y2 orbital (see [124]). This explains the experimentally observed difference of the g-tensor values.

On the basis of the described experimental and theoretical results, a picture of the electronic and
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Figure 5.6: Overview over

the g-tensor orientations as de-

termined from EPR studies of

single crystals of the hydroge-

nase from D. vulgaris Miyazaki

F of the paramagnetic states Ni-

A, and Ni-B [78, 79], Ni-C, and

Ni-L (this work). The g-tensors

are depicted in the respective X-

ray crystallographic structures of

the oxidized [23] and the re-

duced form [24]. In the latter the

bridging position is empty, see

Figure 2.1.
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geometrical structure and composition of the Ni-C and the related Ni-L states arises that contributes

to understanding the detailed mechanism of hydrogen conversion by the enzyme [NiFe]-hydrogenase.

Recently, it was shown by ENDOR and ESEEM experiments performed on the Ni-C and Ni-L state

that the proposal of a hydride bridge in Ni-C, which is lost upon illumination, is indeed correct (see

Chapter 7.2.4 and for a related hydrogenase see [130]). This directly shows that the hydrogen is cleaved

heterolytically by the enzyme and the hydride is bound between the Ni and Fe. It is expected that the

released proton is transferred in an intermediate step to a sulfur or oxygen (water) species near the
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active metal center and is subsequently released. The reversible photodissociation of the Ni-C state to

form Ni-L, the temperature and wavelength dependence of this process, and the detailed mechanism of

the postulated proton transfer to a nearby acceptor remain to be determined in the future.
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Chapter 6

Determination of 61Ni Hyperfine

Couplings

It has not been accepted until 1965 that nickel is an essential trace element with physiological function

not only for bacteria, but also for plants and animals [137]. In bacteria several Ni dependent enzymes

have been found, like urease, methyl-coenzyme M reductase, carbon monoxide dehydrogenase, and

hydrogenase [137].

Nickel was first unambiguously identified as a constituent of hydrogenases by using enzymes iso-

tope labelled with 61Ni in Methanobacterium thermoautotrophicum [55, 56], and in bacteria of the

genus Desulfovibrio [75, 76]. The most abundant two nickel isotopes, 58Ni ( � 68%) and 60Ni ( � 26%)

have no nuclear spin, whereas 61Ni ( � 1.1%) has a nuclear spin of I=3/2 [11]. This leads to hyperfine

splitting of the EPR lines into four components or - if not resolved - to line broadening.

Several 61Ni substituted hydrogenases have been investigated by means of EPR spectroscopy, see

[61] and for a review [59]), but mostly in the Ni-A or Ni-B state and the spectra have not been analyzed

in detail. In the hydrogenase of D. vulgaris Miyazaki F, however, all four states Ni-A, Ni-B, Ni-C and

the light induced Ni-L are fully accessible by EPR in contrast to some other hydrogenases.

Valuable information about local spin density at the nucleus can be obtained by the analysis of

the hyperfine interaction. The principal contribution to the isotropic coupling arises from the spin

population of the valence shell s-orbital on the atom of interest [87, 88, 138]. In the literature several

evaluations of the orbital functions describing the singly occupied orbital have been undertaken [88,

138]. Morton and Preston presented a concise tabulation of isotropic hyperfine couplings a iso for unit

spin density for the most abundant nuclei. Moreover, the angular factors for p-, d-, and f-orbitals are

given in this work. These results have been widely used inferring ’experimental’ spin populations.

Experimentally only a fraction of those values is observed. Comparing these values gives an estimate

for the spin population of the respective orbitals [138].

The objective of this chapter is to elucidate the spin density distribution at the Ni site by EPR
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spectroscopic investigation of the Ni-A, Ni-B, Ni-C, and the Ni-L states of the 61Ni isotope labeled

hydrogenase from D. vulgaris Miyazaki F by the interpretation of the respective 61Ni hyperfine tensors.

6.1 Results

Depending on redox conditions and temperature, four different EPR signals of the [NiFe]-center were

discriminated for the hydrogenase from D. vulgaris Miyazaki F (Fig. 6.1). In the as isolated state

the signals of Ni-A and Ni-B with a ratio of 1:1 were detectable at high temperatures (100 K). The

transitions of the oxidized [3Fe-4S]
�

-cluster were averaged out above 90-100 K, this way the EPR

signals of the [NiFe]-center were separated from those of the iron-sulfur cluster. Activation under

100% H2 for 2-3h lead to the EPR active Ni-C state which was converted upon illumination with white

light at 77 K to the Ni-L form. In both spectra the spin coupling with the reduced iron-sulfur clusters

started to be averaged out at T � 15-20 K. Thus the splitting of the Ni lines and the overlay of the broad

coupled iron-sulfur cluster spectrum was circumvented and the spectral features were easily accessible.

Successive reoxidation of the H2-reduced samples with air at low temperatures (see Chapter 4.1.2)

yielded almost pure Ni-B spectra.

The spectra of Ni-A, Ni-B and Ni-C shared similar hfc features. Their g1 (and g2) peaks were

broadened due to non resolved hfc’s, while at g2 (to a weaker extent in Ni-C) and especially at g3

the lines showed pronounced hfc’s due to the interaction between the electron and the nuclear spin.

Ni-L exhibited a completely inverse hyperfine interaction: g1 displayed significant hfc’s into four well

resolved lines unlike g3, which was only broadened.

The spectra were analyzed by simulation of the hfc’s using an in-house simulation program [78].

In order to extract the 61Ni hfc’s the respective EPR spectra of non-labeled enzyme preparations under

identical measuring conditions were subtracted (data not shown). Lacking further experimental infor-

mation, it was initially assumed that the g-tensor and the hyperfine tensors are collinear - which might

not necessarily be correct. However, several cases of 61Ni complexes have been presented in litera-

ture where g- and A-tensors coincide [139, 140]. Table 6.1 collects the hyperfine couplings determined

by simulation assuming collinear tensor axes. Hfc’s for g1 and g2 of Ni-A, Ni-B, and Ni-C are given

in brackets as the magnitudes of couplings are comparable to the respective linewidths which lead to

a larger error in the determination of the correct value. In these simulations linebroadening due to g-

strain was not taken into account. This lead, especially for the states Ni-A and Ni-B, to deviations of the

relative peak intensities of the simulated spectra from the experimental ones. However, the magnitude

of the hfc’s could be derived correctly within the given error.

The effect of a rotation of the hyperfine tensor axes with respect to the g-tensor axes was also in-

spected. A rotation about g3 induced only changes of the hyperfine splitting at the g1 and g2 components

of the EPR spectrum whereas the hf splitting at g3 remained the same within error. For the Ni-A, Ni-B

and Ni-C states the hyperfine splittings at g1 and g2 were of comparable magnitude. Hence, the error of
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Figure 6.1: (black) EPR spectra of the paramagnetic states Ni-A, Ni-B, Ni-C and Ni-L of the 61Ni

isotope enriched hydrogenase from D. vulgaris Miyazaki F and the respective simulations (green) using

an in-house simulation program [78] with the parameters of Table 6.1. The enrichment was determined

to be (40
�

5)% by simulation of the total experimental spectra (red). Experimental conditions: X-Band,

9.6 GHz, field modulation 50 kHz, accumulation time 420s; microwave power 3.2 mW, modulation

amplitude 0.2 mT (Ni-A and Ni-B), microwave power 2 mW, modulation amplitude 0.14 mT (Ni-C);

microwave power 0.5 mW, modulation amplitude 0.16 mT (Ni-L).

the determination hfc constants with the assumption of collinear A and g-tensors lies within the given

error even if the tensor was rotated by 90
�

. For the Ni-L state the largest splitting was observed at g1.

Thus, the hyperfine splitting pattern would react more sensitive to a rotation about g3. However, rotation

angles smaller than � 30
�

yielded hyperfine coupling constants with magnitudes that were within the

error of the method. For rotations of the tensor about the other g-tensor axes the error was determined

to be small for angles lower than � 20
�

for the four states under investigation.

By factor analysis (the ratio of non-isotope labeled with respect to labeled hydrogenase) of all four

EPR spectra a 61Ni enrichment of (40
�

5)% was determined. The small enrichment factor compared to

the initially deployed 92 % pure Ni isotope might be caused by the growing conditions. Ni is ubiquitous

and the media used, especially the steel fermenter probably has provided the abundant Ni isotopes

during cultivation.6.1a Nevertheless, it was possible to determine the hfc’s by spectra subtraction and

their simulation.

6.1aNew experiments of growing it D. vulgaris Miyazaki F in a nutrient deficient medium with 61Ni in a glas fermenter in

order to avoid 58 � 60Ni contaminations are underway in our group.
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Table 6.1: The 61Ni Hyperfine coupling constants determined by simulation of the EPR spectra shown

in Figure 6.1. Simulations were carried out with the assumption of collinear g- and A-tensors using

the in-house simulation program [78]. Ai in MHz can be converted to Ai in mT using Equation (3.2).

(Error: ∆g
� �

0 � 003 � ∆A
�

3 MHz, ∆W
�

0.05 mT ). The most probable values of aiso and adip and

their relative signs calculated from the values determined by simulation are given. For details see text.

ρs
�

d denotes the sum of 4s- and 3d-orbital spin populations derived (error
�

0 � 02) according to Morton

and Preston [138].

g-values W [mT] � Ai � [MHz] aiso adip [MHz] ρs
�

d

g1 g2 g3 1 2 3 1 2 3

Ni-A 2.313 2.234 2.013 1.20 (32) 43 75 � 50
�

18
�

7 � 25 0.16

Ni-B 2.331 2.161 2.008 1.30 (29) 30 75 � 45
�

16
�

15 � 31 0.17

Ni-C 2.195 2.144 2.010 1.34 (24) (18) 75 � 39
�

15
�

21 � 36 0.18

Ni-L 2.296 2.118 2.046 1.00 52 33 26 � 37
�

15 � 4 � 11 0.09

-52 +33 +26 � 2
�

54 � 31 � 24 0.25

6.2 Discussion

The 61Ni hfc’s determined for Ni-A and Ni-B are very similar to data published earlier. A listing of

those is presented in Table 6.2. The spectra of other [NiFe]-hydrogenases exhibited well pronounced

hfc’s of about 2.6-2.7 mT (73-76 MHz) at g3 and little resolved couplings at g1 and g2 [59]. For Ni-C

only little data is available [52,61,65] and in many cases the g3 signal is obscured by signals at g � 2 � 0

from other cofactors. The hydrogenase from D. gigas exhibits a splitting of about 2.0 mT (56 MHz)

at g3 and very small splitting at g1 and g2, which is slightly smaller than in D. vulgaris Miyazaki

F [52,65]. This points to very similar spin densities at the Ni nucleus in the Ni-A, Ni-B and Ni-C states

in all the [NiFe]-hydrogenases investigated so far. Upon conversion to Ni-L the hfc splitting scheme

changes dramatically which might be common for [NiFe]-hydrogenases. The Ni-L state of the NAD-

linked, soluble hydrogenase from R. eutropha H16 [61] shows quite similar hyperfine interactions

compared to the D. vulgaris Miyazaki F hydrogenase. One could assume that the ground state of the

[NiFe]-center changes from a dz2 to a dx2 � y2 configuration due to the shift of the smallest g-value to a

value larger than ge [89]. However, this would implicate a change of the orientation of the principal

g-tensor axes which is essentially not observed, see Chapter 5.3.1.

Comparing the observed hfc’s to Ni model complexes one finds that the hyperfine coupling con-

stants at g3 for Ni-A, Ni-B, and Ni-C are intermediate between that of extremely metal-based systems

(A = 4.3 mT � 120 MHz for [Ni3
�

(CN)4(OH2 � 2]1 �
[141]) and predominantly ligand based systems (A

= 0.45 mT � 13 MHz for [Ni3
�

(mnt)2]1 �
[139]).6.2b Both complexes have a 3dz2 ground state. Ac-

6.2bthe free ion value for 61Ni is -375.5 MHz according to calculations by Morton and Preston [138]
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Table 6.2: Comparison of g- and A-tensor principal values of 61Ni isotope labelled hydrogenases from

different bacteria. (DvMF: D. vulgaris Miyazaki F; Mt: Methanobacterium thermoautotrophicum; Dg:

D. gigas; A.e.: Alcaligenes eutrophus).

g-values Ai [mT]

1 2 3 1 2 3 ref.

Ni-A DvMF 2.313 2.234 2.013 1.0 1.4 2.7 this work

Dg 2.32 0.8 . . [52]

Dg 2.31 2.23 2.02 1.1 1.5 2.7 [75]

Dd 2.32 2.16 2.01 . . � 2.7 [76]

Mt 2.3036 2.2323 2.0181 0.75 1.50 2.71 [55]

Mt (∆H) 2.309 2.237 2.0171 0.7 1.4 2.6 [56]

Ni-B DvMF 2.331 2.161 2.008 0.9 1.0 2.7 this work

Ni-C DvMF 2.195 2.144 2.010 0.8 0.6 2.7 this work

Dg 2.21 0.6 . . [52]

Dg 2.19 2.14 2.02 . . � 2.0 [59]

Mt (∆H) 2.196 2.140 ( � 2.0) � 1.5 � 2.0 . [56]

A.e. H16 2.20 2.14 (0.6) (0.5) . [61]

Ni-L DvMF 2.296 2.118 2.046 1.6 1.1 0.9 this work

A.e. H16 2.28 2.10 2.05 2.0 (1.0) (0.5) [61]

cordingly, the experimental values revealed that the [NiFe]-hydrogenases delocalize a certain amount

of spin density on the thiolate ligands which was also found by DFT calculations [81, 132]. Maki et al.

have derived the second order perturbation expressions for spin Hamiltonian parameters for an unpaired

electron spin in a dz2 orbital in a ligand field of D2h symmetry for Ni(III) complexes [139]. Using these

equations for the pseudo-octahedral Ni(III) complex with the hfc’s obtained by simulation for a very

rough estimation, one finds up to 20-30% unpaired spin density at the Ni in the paramagnetic states

Ni-A, Ni-B, and Ni-C states if it is assumed that the hfc constants are all positive. This crude approx-

imation shows the same trend of spin delocalization onto the ligands like the results derived by DFT

theory [81, 82] albeit with an overestimate. For Ni-L, however, neither using the equations derived for

a 3dz2 nor for a 3dx2 � y2 ground state yielded reasonable results independent of the chosen relative signs

of the hfc’s. Thus, based on those results it is concluded that this state no longer shows such a clear

predominance of a formal 3dz2 ground state like the other states but also has no pure 3dx2 � y2 ground

state [124].

The simulations yielded the absolute values of the hyperfine couplings. One has to extract the

isotropic (aiso) and anisotropic (adip) hyperfine coupling and their relative signs. Without further in-

formation this is a priori not possible. Tentatively it was assumed that the hfc’s determined by the
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simulation have the same sign. aiso and adip which thus have been calculated for all the investigated

states are shown in Table 6.1. As the magnetogyric ratio of 61Ni is negative [11] the hyperfine couplings

are given with negative signs. aiso is a measure for the spin density at the locus of the nucleus, thus for

the spin density of the unpaired electron in the s-orbital. The Fermi contact interaction is isotropic and

is encountered also in systems with their unpaired electrons in p-, d- or f-orbitals like transition metal

ions. The spin density at the nucleus is then induced by mechanisms like configuration interaction or

spin polarization. All the hfc’s of the 61Ni center in its investigated four states have comparatively small

isotropic hfc’s in common, which points to a relatively small s-orbital spin density at the locus of the

nucleus. aiso is in a similar range for Ni-A and Ni-B. Upon reduction to Ni-C it is slightly decreased and

has a comparable magnitude for Ni-L if the assumption made above holds. The anisotropic hyperfine

coupling constants slightly deviate from axiality.

Morton and Preston [138] derived the isotropic hyperfine interaction for unit spin population in

s-orbitals and angular factors for p-,d-, and f-orbitals. These values scale with the spin population so

that ’experimental’ spin populations can be estimated from observed tensors. Using the values given

in Table 6.1 one derives a very small 4s orbital spin population of 0.018-0.015 for the four states if

the hfc’s are of the same sign. The 3d contributions for Ni-A,Ni-B and Ni-C are 0.14, 0.15, and 0.17,

respectively, and for Ni-L one would obtain 0.07. Adding these values one obtains total spin densities

that are in the range of 0.16-0.18 and for Ni-L pronouncedly smaller with 0.09 (Table 6.1). However,

in anticipation of the results of ENDOR spectroscopy of this state (see Section 7.3) which detects a

reduced spin density on the ligands it is concluded that the spin density at the Ni should rather increase

than decrease. With the assignment of the relative signs of the hyperfine couplings of (-52, +33, +26)

MHz an unpaired spin density of the d-orbital at the Ni of 0.24 and s-orbital spin density of 0.008 is

obtained. By DFT theory magnitudes of the spin densities (Mulliken and natural population analysis) at

the Ni in the Ni-A, Ni-B, and Ni-C states of 0.4–0.6 have been derived [81,82,142] which is by a factor

of three larger than the estimate obtained by analysis of the experimental values. These theoretical

studies indicated only small electron density changes at the Ni center. For the Ni-L state slight increase

of the unpaired spin density at the Ni was found [124]. Natural Atomic Charge (NAC) analysis of

the EPR active states of [NiFe]-hydrogenases yielded a picture of the orbital occupation of the unpaired

electron. A preference of the 3dz2 orbital was found for all four states [124] which explains the similarity

of the g-tensor principal axes orientation in these states. However, NAC analysis found for the Ni-L

state an increased 3dx2 � y2 orbital occupancy compared to the 3dz2 orbital; it increased from 20% in Ni-C

to 40%. This larger contribution of the 3dx2 � y2 orbital lead to a notable shift of the g-tensor principal

values which was demonstrated by perturbation theory [143]. The admixture of the 3dx2 � y2 orbital to

the 3dz2 results in a more evenly distributed unpaired spin density around the Ni and the total unpaired

spin density at the nickel nucleus increases. This finding favors the assignment of the relative signs

given above.

Table 6.3 displays the isotropic and the anisotropic hfc’s and their relative signs calculated by den-
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Table 6.3: DFT calculated hyperfine 61Ni hyperfine

coupling constants (in MHz). The hfc values have

been obtained with the spin orbit coupled (SO) spin

restricted (restricted open Kohn-Sham, ROKS) and

scalar relativistic (SR) spin-polarized (unrestricted

Kohn-Sham, UKS) zero order relative approxima-

tion (ZORA) Hamiltonian [125, 132] and a triple-

zeta valence plus polarization (TZP) basis set.

aiso adip [MHz]

1 2 3

Ni-Aa � 85
�

62
�

10 � 72

Ni-Ba � 55
�

24
�

10 � 34

Ni-Cb � 42
�

33
�

6 � 39

Ni-Lc � 9
�

41 � 31 � 10
aThe values are taken from [125], b [132].
c M. Stein, personal communication

sity functional theory (DFT) for comparison. These hfc parameters for Ni-A and Ni-B have been

derived with the scalar relativistic (SR) spin restricted (restricted open Kohn-Sham, ROKS) consider-

ing the spin-orbit coupling (SO+SR ROKS) [125]. Better agreement of the isotropic part of the hfc

with experimental values has been obtained when spin polarization is considered. However, it has been

reported that the simultaneous treatment of both spin-orbit coupling and spin polarization is still diffi-

cult to perform. For the hfc values of Ni-C and Ni-L it has thus been assumed that the effect of spin

polarization of SR ROKS and SR UKS can be added to SO+SR ROKS6.2c [132]. The calculations

reproduced the same signs of the hfc’s and the tendency of the magnitudes from one state to the other

quite well, even though the magnitudes for Ni-A are overestimated and for Ni-L the splitting at g1 is

too small with respect to the experiment.

The angles between the g-tensor and A-tensor principal axes have been determined by these cal-

culations and turned out to be relatively small for Ni-A and Ni-B, in the range of 2
�

-15
�

[125]. This

rotation would change the magnitudes of the experimental hfc’s obtained by simulation of the spectra

only negligibly (data not shown). The DFT calculated A-tensor principal axes for Ni-L are rotated away

only by 18-21
�

from the g-tensor axes, at maximum. But the calculated Ni-C A-tensor notably deviates

in its orientation from the g-tensor according to the calculations. The A-tensor is rotated by 42
�

with

respect to g3 and tilted by 18
�

. Nevertheless, the influence of the rotation would change the magnitudes

of the canonical value of A3 by about 4 MHz but A1 and A2 would be varied within the error of the

method (error
�

3 MHz). Thus, as already mentioned, EPR spectroscopy on frozen solutions yields

only estimates of the magnitudes of the hyperfine couplings, if they are not resolved. Experimentally,

only single crystal EPR on 61Ni labeled samples would provide the full information. Indirectly, spatial

information could be obtained by interpretation of orientation selected ENDOR on frozen solutions of

the 61Ni labeled enzyme.

6.2cThe results of SO+SR ROKS are for Ni-C: aiso = -55 MHz, adip = 32, 8,-40 MHz and for Ni-L aiso = -76 MHz, adip =

46, -12, -34 MHz [125]. Especially in Ni-L the isotropic hfc is much overestimated and does not reflect the experimental data

well. With these values the largest hf splitting in Ni-L would be expected at g3 albeit the A-tensor is slightly rotated away

from the g-tensor principal orientation.
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Pulse ENDOR experiments have been undertaken at X-band in this work. Though the magnetic

moment of 61Ni is quite small (gN = -0.50001) and thus the free 61Ni frequency at X-band is only

1.13 MHz, signals up to 50 MHz should have appeared even at X-band frequencies according to the

hf splitting observed in EPR. However, only a comparatively weak ENDOR effect of the sample was

found in the proton region and no further signals have been observed at higher frequencies. Repeating

the experiment with the 61Ni isotope labeled [NiFe]-hydrogenase from D. vulgaris Miyazaki F at Q-

band frequencies probably would provide the desired information about the magnitudes, relative signs

and orientations of the respective hfc’s with high accuracy: 61Ni cw-ENDOR experiments at Q-band

frequencies on another Ni dependent enzyme, the CO dehydrogenase, have been reported in the liter-

ature [93]. However, only at g2 a spectrum with acceptable s/n ratio could be measured. The weak

ENDOR effect could be caused by the inherent nuclear relaxation properties of I=3/2 nuclei [93].

6.3 Conclusion and Outlook

For the first time the 61Ni hfc’s for all four states, Ni-A, Ni-B, Ni-C, and Ni-L, of a [NiFe]-hydrogenase

of one organism have been determined by simulation of EPR spectra of frozen solutions. This allowed

a direct comparison of these four states with each other and with the values derived from hydrogenases

from other organisms. The Ni-A, Ni-B, and Ni-C state shared common hf coupling magnitudes whereas

the Ni-L state differed from the latter. According to the magnitudes of the hfc’s it was suggested that

the Ni of [NiFe]-center in all four states delocalizes a considerable part of the spin density to the sulfur

ligands. Assuming that the derived hfc’s for the Ni-A, Ni-B, and Ni-C state have all the same sign,

aiso and adip were extracted. For the Ni-L state the largest hfc constant was assigned to be of opposite

sign as the other two. The isotropic part of the 61Ni hyperfine tensor remained mainly unchanged in

the physiological states Ni-A, Ni-B, and Ni-C whereas in Ni-L the isotropic part almost vanished. The

splitting pattern and, thus, the anisotropic part of the hfc as well reflected the similarity between Ni-A,

Ni-B, and Ni-C: the largest splitting was found at g3. Whereas Ni-L exhibited the largest splitting at

g1. Comparing the hfc values of other hydrogenases published up to now indicated that there are only

slight variations in the 61Ni interactions among these enzymes.

The results of the experimental work strongly suggested, that the s- and d-orbital spin densities only

varied to small extent in the Ni-A, Ni-B, and Ni-C states, whereas the d-orbital spin density increased

upon conversion to the Ni-L state. This finding is in accordance with earlier theoretical results [124].

The experimental results have been compared with results of DFT calculations. The calculations

reproduced the experimental values comparatively well. It has been shown earlier that spin-polarization

contributes to a large extent to the magnitude of aiso of the Ni center of the hydrogenase as the mag-

nitudes of the calculated hfc parameters heavily depend on the method used. Considering spin-orbit

coupling (SR+SO ROKS) lowers the contribution of adip to magnitudes comparable to the experimen-

tal ones [125, 132].
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However, cw-EPR spectra on frozen solutions of the [NiFe]-hydrogenase does not provide full in-

formation of the hyperfine interaction of the electron spin with the paramagnetic 61Ni nucleus. Single

crystal measurements or 61Ni ENDOR studies at Q-band frequencies will be required for a final deter-

mination of the principal 61Ni hyperfine tensor axes. The latter method would provide the complete

hyperfine tensor including the relative signs of the principal values. These have been up to now only

derived based on assumptions. However, they seem to be basically correct if one compares the values

with the results of DFT calculations. At present, experimental proof is still lacking.
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Chapter 7

Determination of Proton, Deuteron, and

Nitrogen Hyperfine Couplings

For the understanding of the catalytic mechanism of hydrogenase, knowledge about the binding site of

the substrate hydrogen as well as about protons localized in the vicinity of the active site is essential.

Due to large inhomogeneous linewidths of the hydrogenase EPR spectra, typically up to 1-2 mT, the

hyperfine interactions between the electron spin and proton nuclear spins remain hardly or not resolved.

Detailed spectral information is therefore inaccessible from EPR measurements alone. X-ray structure

analysis, even at high resolution does not solve this problem: Electron densities at hydrogen atoms in the

protein structure are too small to be detectable in this experiment. However, ENDOR and HYSCORE

spectroscopy allow to enhance spectral resolution and yield the required information about electron-

nuclear interaction in the sample. From hyperfine coupling parameters obtained by spectra analysis,

valuable structural data about the proton environment at the active site can be obtained. Orientation

selected ENDOR and the complementary HYSCORE spectroscopy offer an opportunity to determine

the orientation of the proton hyperfine tensors relative to the g-tensor (see Chapter 3.4, [92, 101, 111]).

In this chapter the results of cw- and pulse EPR and double resonance methods are presented for the

oxidized as well as the reduced state Ni-C and the light induced state Ni-L.

7.1 The Oxidized Ready State Ni-B and Unready State Ni-A

The enzyme as isolated aerobically may reside predominantly either in the Ni-A state (e.g. D. gigas [25,

65], A. vinelandii [144], M. thermoautotrophicum [54, 56], D. fructosovorans [28]) or in the Ni-B state

(e.g. D. desulfuricans [65], T. roseopersicina [145], D. vulgaris Miyazaki F [78, 79]). Both oxidized

and EPR active states share spectroscopic similarities in the magnitudes of the g-tensor principal values

(see Table 6.1, [8, 59]) as well as in their respective orientations [78, 79] and in FTIR absorption bands

[32, 51, 146]. Large differences in the electronic structures among the respiratory [NiFe]-hydrogenases

thus can be ruled out. X-ray structure analysis of the enzyme from different organisms also did not
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reveal much of a difference of the active site between the Ni-A and Ni-B state.7.1a However, these states

notably differ in their activation rates leading to the terms ’ready’ for Ni-B and ’unready’ for Ni-A.

Thus, the question arises which differences between the Ni-A and Ni-B state are responsible for the

individual activation rates of these states. There could be slight differences in the binding pocket of the

active site or in the solvent/gas channels altering the accessibility of the active site. Or, possibly, the

structures of Ni-A and Ni-B may vary in the kind of bridging ligand or in the protonation of the [NiFe]

ligands.

Earlier studies addressed the question of the exact chemical nature of the ligands at the [NiFe] site,

a question that cannot be answered by X-ray structure analysis. ENDOR investigations on [NiFe]-

hydrogenase on the as isolated Ni-A hydrogenase sample from D. gigas prepared in D2O and in H2O

showed that the respective spectra are identical, no deuteron ENDOR signal could be detected [37]. It

was concluded that the Ni site in the Ni-A state is inaccessible to solvent exchange. However, upon

reduction to Ni-C and reoxidation to Ni-A and Ni-B a hfc of 2.2 MHz is found. This coupling was

suggested to be associated with the Ni-B state according to the ratio of EPR- and ENDOR signal

intensities [37]. These studies, however, have been limited to one field position only [37]. Orientation

selected 17O ENDOR studies clearly corroborated the findings of the solvent accessibility of the active

site [35]: The bridging ligand X was found to be solvent inexchangeable in the Ni-A state. But upon

reduction to Ni-C and reoxidation to Ni-A an 17O ENDOR signal could be detected and the magnitude,

the relative signs, and the orientation of the hfc tensor have been determined (A(17O) = 5,7,20 MHz).

The large isotropic part of the hfc (aiso
� 11 MHz) indicates that an oxygenic species is indeed a ligand

to the Ni in the Ni-A state and is bound at the bridging position (d � 2 � 6 Å) [35]. Comparison with

earlier EPR studies on 17O exchanged samples of the [NiFe]-hydrogenase from A. vinosum suggested

that the same should hold for the Ni-B state of that organism. In those EPR spectra linebroadening of

about 0.4 - 0.7 mT has been found [147]. However, the exact nature of the bridging ligand still remains

unclear.

Single site selective ENDOR on single crystals of D. vulgaris Miyazaki F has been successfully

undertaken [125, 148]. In the predominant Ni-B state hfc’s of a proton with a pronounced angular de-

pendence could be detected. In the spectra of the Ni-A state a comparable signal is absent [125]. The

single crystal ENDOR spectra display three distinguishable proton hfc’s and the angular dependences

of these ENDOR transitions have been simulated. Two of them were assigned to an interaction with

β-CH2 of the nickel ligating cysteine Cys549 (aiso
� 11-13 MHz and adip

� -(1-2) MHz). The third was

tentatively assigned to a H at the bridging ligand X (aiso � 5.2 MHz and ai � dip �
�
3 � 07 � 2 � 14 � � 5 � 20 �

MHz) [125, 148]. However, it was not investigated whether this anisotropic coupling is H/D exchange-

able. This should be the case if this proton is the assumed one at the bridging ligand. Another study shed

7.1aThe following X-ray structures of [NiFe]-hydrogenases have been published so far: D. gigas: Ni-A [25] 85 % [30];

D. vulgaris Miyazaki F [23]: Ni-A/Ni-B 3:7 [78, 79]; D. fructosovorans: Ni-A [28], D. desulfuricans ATCC 27774 [29]:

Ni-B [76]



Determination of Proton, Deuteron, and Nitrogen Hyperfine Couplings 63

Table 7.1: g-Tensor principal values determined by simulation of the EPR spectra shown in Figure 7.2

using the in-house simulation program [121]. (∆g(X-band)
�

0 � 003, ∆g(Q-band)
�

0 � 0001, ∆ W
�

0.2

mT).

g-values linewidth [mT]

Ni-A H2O X-band 2.313 2.234 2.012 1.5 1.3 0.9

Ni-B H2O X-band 2.333 2.163 2.009 2.0 1.1 0.8

Q-band 2.3355 2.1631 2.0085 5.2 2.5 (0.2)

light on that question by means of cw X-band EPR spectroscopy. Although transition metal complexes

like the active site of [NiFe]-hydrogenase for the most part display large unresolved EPR linewidths

this spectroscopy may detect proton hyperfine splittings in advantageous cases. Detailed analysis of

cw-EPR spectra recorded with small modulation amplitudes of the [NiFe]-hydrogenase from A. vi-

nosum found hfc’s of an H/D exchangeable hydron7.1b present in the Ni-B state (A = 6.6 MHz) but

absent in the Ni-A state [150]. This result indicates that the proton with the anisotropic hfc detected in

the Ni-B state of the D. vulgaris Miyazaki F hydrogenase is a H/D exchangeable one like observed in

the D. gigas hydrogenase and that in Ni-A no such proton is present.

In this section the question of the exact nature of the bridging ligand X in the Ni-B state of the

[NiFe]-hydrogenase from D. vulgaris Miyazaki F is addressed. X-ray structure analyses [23, 29] and

gas chromatographic investigations [151] suggested a sulfuric species being present in the D. vulgaris

Miyazaki F and D. gigas hydrogenase. However, in other standard [NiFe]-hydrogenases an oxygenic

species has been found which was outlined above. In addition, it remains to be determined whether the

bridging ligand is protonated and to which extend that happens, i. e. µ-oxo, µ-hydroxo or µ-aquo or the

respective sulfuric ligands. The results of isotope exchange experiments in combination with EPR and

HYSCORE spectroscopy on the Ni-A and the Ni-B state presented in this section show the presence of

a singly protonated bridging ligand in the Ni-B state and suggest the presence of a hydroxide.

7.1.1 EPR Spectroscopic Characterization of the Ni-A and Ni-B State

Determination of EPR Line-Widths of the Enzyme in H2O. The [NiFe]-hydrogenase in the as

isolated state has a distribution of Ni-A:Ni-B of about 3:7. By spectra subtraction the EPR spectrum of

Ni-A was obtained. H2 reduction and successive reoxidation yielded the Ni-B state ( � 90%). Figure 7.1

depicts the respective EPR spectra and their simulations considering inhomogeneous linewidths [121]

and Table 7.1 gives the parameters used for the simulation.

7.1bHydron is the general name for the ion H � either in natural abundance, or where it is not desired to distinguish between

the isotopes, as opposed to proton for 1H � , deuteron for 2H � and triton for 3H � [149].
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Figure 7.1: Experimental (—) and simu-

lated ( ��� � ) EPR spectra of frozen solutions

of the [NiFe]-hydrogenase from D. vulgaris

Miyazaki F in the Ni-A and Ni-B states. (Top)

Ni-A at X-band frequency (difference spec-

trum), (middle) Ni-B at X-band and (bottom)

Q-band frequency. (*) The six lines at g
�

2

in the spectrum at Q-band frequency are due to

Mn2
�

impurities. The simulations were done

using an in-house simulation program [121] us-

ing the parameters of Table 7.1. Experimental

conditions: T = 95 K, 9.59 GHz, 2 mW mi-

crowave power, 0.33 mT modulation amplitude

(X-band). T = 125 K, 33.997 GHz, 8.4 µW, 1.1

mT mod. amplitude (Q-band).

22.12.22.3
g−value

Ni−A

Ni−B

X−band

Q−band

X−band

*
* * ** *

EPR spectra at X-band and Q-band7.1c frequencies of the hydrogenase from D. vulgaris Miyazaki

F predominantly residing in the Ni-B state were simulated using the known parameters of the hyperfine

coupling parameters of the protons derived from single crystal ENDOR studies on the same enzyme.

However, the overall shape of the EPR spectra could not be simulated satisfactorily (data not shown). It

is clearly seen from the simulation parameters in Table 7.1 that the linewidth parameters increase with

increasing microwave field instead of being constant as they should be in the case of line broadening by

hyperfine interaction. This indicates that g-strain contributes to a large extent to the line shape of the

spectra of Ni-B. g-strain is found in systems with structural inhomogeneities induced by distribution

in bond angles and bond lengths (microheterogeneities). The Debye-Waller factors (B-factors) found

for the active site atoms display significant disorder. They range from � 12 Å2 to � 27 Å2 for the

cysteine sulfur atoms. For the metals they are � 12 Å2 for the Fe and � 20/28 Å2 for the Ni [23,

25]. These B-factors correspond to a displacement of up to 0.7-1 Å (corresp. 12-28 Å2) under the

measurement conditions (T = 280K [23]). Especially Cys546 shows an increased displacement of the

sulfur atom from the mean position. This cysteine residue is replaced by a selenocysteine in [NiFeSe]-

hydrogenases. It has been proposed that this residue acts as a base in the heterolytic hydrogen cleavage

7.1cAt W-band frequencies the signal is too broad to be recorded with reasonable protein concentrations.
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Figure 7.2: X-band EPR spectra (—) of Ni-

B of the [NiFe]-hydrogenase from D. vulgaris

Miyazaki F in (a) H2O (b) D2O, (c) difference

spectra, and the respective simulations ( � ��� ).

Upon solvent exchange from H2O to D2O hy-

perfine interactions are better resolved in Ni-B.

Difference spectra (H2O/D2O) clearly show the

D2O exchangeable hyperfine interaction. Ar-

rows indicate residual contributions of Ni-A to

the spectra. Experimental conditions: 100K,

9.59 GHz, 3.2 mW microwave power, 0.03 mT

modulation amplitude.

2.002.012.02

g−value

H O2

D O2

diff

a

b

c

mechanism and takes up the proton [36]. Thus, in frozen solutions a distribution of all microstates

is obtained which explains well the spectral broadening found by EPR. The direction which is least

influenced by structural heterogeneity is g3, only one cysteine residue occupies this direction, the other

ligand position is empty.

Isotope Exchange Experiments. In the Ni-B state a very slight splitting of the g3 component has been

found in analogy to that observed in the hydrogenases from A. vinosum and M. marburgensis. Upon

H2O/D2O solvent exchange, reduction to Ni-C by D2, and subsequent reoxidation of Ni-B this splitting

was quite pronounced. At the other canonical orientations the linewidth was too broad due to g-strain to

allow a resolution of the hf contributions.7.1d The spectra of Ni-B in H2O and D2O have been subtracted.

Due to variation in the Ni-A/Ni-B ratio residual intensity of Ni-A remained at g � 2 � 013 (see Figure

7.2). The difference spectra clearly revealed the presence of solvent exchangeable couplings in the Ni-

B state. As the attainable spin concentration of Ni-A in the D2O exchanged enzyme samples usually

was much lower compared to Ni-B a reliable statement about the presence of an H/D exchangeable

proton in the Ni-A state as in A. vinosum cannot be made. The spectra at g3 were simulated using hfc

values derived from ENDOR and HYSCORE measurements applying an EPR line-width of 0.3 mT:

In anticipation of results which will be presented in Section 7.1.3 hfc values for the H/D exchangeable

hydron were taken from the results of the analysis of the HYSCORE spectra of the Ni-B state (4.8, 6.3,

-5.4 MHz). Furthermore, the hfc’s of the two β-CH2-protons at Cys549 determined by site selected

single crystal ENDOR spectroscopy were included in the simulation [125,148]. The simulations of the

7.1dThe overall linewidths of the EPR spectra of Ni-B in D2O could be simulated with the same set of parameters for H2O

given in Table 7.1 within error.
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Figure 7.3: X-band EPR spectra of Ni-B at

g3 in H17
2 O (bottom) compared to that in H2O

(top) of the [NiFe]-hydrogenase from D. vul-

garis Miyazaki F. Arrows indicate residual

contributions of Ni-A to the spectra. Experi-

mental conditions: 100K, 9.59 GHz, 3.2 mW

microwave power, 0.03 mT modulation ampli-

tude.

2.002.012.02
g−value

H O2

H O2
17

EPR spectra and the respective difference spectrum at the g3 component are displayed in Figure 7.2.

In the EPR spectrum of the H17
2 O (I=5/2, 40 % enrichment) treated sample after the reoxidation

to the Ni-B state such a pronounced line broadening of all g components like in A. vinosum [147] or

in D. gigas [35] was not observed. Only the g3 component showed a slight line broadening of about

0.15 mT ( ˆ� 4.2 MHz, see Figure 7.3). Due to I=5/2 the EPR transitions are expected to be split into

six lines. Each of these would then have � 17 % of the intensity of the EPR transition without this hf

interaction if the hfc is larger than the line-width. On the one hand, the low enrichment factor of the

available H17
2 O of only 40 % probably was responsible for the minor influence of the isotope exchange

on the EPR spectrum, leading to an intensity of less than 10 % of the 17O EPR transitions. On the

other hand, the small line broadening might also indicate that only a solvent exchange from H2O to

H17
2 O comparatively near7.1e to the active site has taken place but not at the active site itself. However,

in the X-ray structure of D. vulgaris Miyazaki F no electron density due to water molecules has been

detected [23–25]. Therefore this possibility was excluded.

pH Dependence of the Oxidized States. The influence of the proton concentration of the solvent has

been probed in order to find out whether changes are inducible at the buried active site or its immediate

surrounding in the oxidized states. However, pH values of the solvent in the range of 5.5 to 8.0 did not

affect the shape of the Ni EPR signals (Figure 7.4), only slight variations in the Ni-A/Ni-B ratio could be

detected. Nevertheless, the changes of the ratio were not significant enough with respect to the deviation

induced by sample preparation. At pH-values below � 5.5 the protein denatured noticeably which,

consequently, lead to a decrease in EPR signal intensity relative to the measured protein concentration

(data not shown).

However, the shape of the [3Fe-4S]
�

-cluster signal at g � 2.018 that emerges at temperatures

below � 95 K changed (see Figure 7.4). The cluster evoking this signal underwent significant changes

upon pH variation contrary to the Ni site as shown in Figure 7.13.7.1f Lowering the pH put forth a new

7.1eaccording to Equation (3.9) this would correspond to a distance between the nucleus and the spin carrying center of 	 2 � 7
Å if the contribution would be purely anisotropic

7.1f The relative spin concentrations were determined by the division of the double integral of the simulation of the respective

species by the double integral of the whole spectrum.
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Figure 7.4: pH dependence of the X-band EPR spectra of the [NiFe]-hydrogenase from D. vulgaris

Miyazaki F. The amplitude of the spectra is normalized to the respective concentration of the sample.

(Left) The Ni-signal magnified by a factor of 100 and (Middle) the signal of the [3Fe-4S]
�

-cluster.

Experimental conditions: 20 K, 9.44 GHz, 1 mW microwave power, 0.3 mT modulation amplitude,

buffer concentration 100 mM, each. (Right) Relative spin concentrations7 � 1 f of Ni-A, Ni-B, [3Fe-4S]
�

form 1, and form 2 vs. the pH of the solution. The error bars give the error of the relative spin

concentration according to the integral of the signal.

signal with a lowest g-value of 2.00. Comparable signals of [3Fe-4S]
�

-clusters have been found before

in various ferredoxins and were attributed to a second configuration of this cluster [130, 152, 153].

This cluster can adopt a bimodal distribution of conformational forms or substates. The ratio of the

concentration of the two forms is supposed to be influenced by the amino acid occupying ”position

II” of the consensus sequence [154], i.e. the position of the second cysteine residue of the amino acid

sequence typical for the presence of a [4Fe-4S]-cluster. In D. vulgaris Miyazaki F a proline (Pro242) is

found at ”position II” in the consensus sequence. The strong pH dependence of the ratio of form 1 and

form 2 lead to the suggestion that a protonation of an inorganic or cysteine sulfur has taken place. In a

previous study it has been proposed that in form 2 the orientation of a ligating cysteine residue, Cys249

of the small subunit, is changed [153]. Note, the pKA value of the cysteine side chain is 8.3 [155] and

coordination of thiolates to a metal render its pKA values more acidic [156]. Hence, a protonation of

the cysteine sulfur atom could be a possible explanation.
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7.1.2 ENDOR of Ni-B in Isotope Labeled Samples

Pulse ENDOR experiments have been undertaken on a sample in the Ni-B state ( � 90%) in D2O,

prepared as described in 4.1.2. Surprisingly, no echo in the [NiFe] region was detectable. Further

treatment of a D2 reduced sample with oxygen till the Ni-A species partly emerged in the EPR spectra

did not lead to an ENDOR effect of the sample, either. Apparently, in both states the H/D exchange

changed the relaxation properties of the active site dramatically which prevented a recording of pulse

ENDOR spectra. Also cw-ENDOR did not yield spectra with reasonable signal to noise ratio (data not

shown).

Using a 17O isotope exchanged [NiFe]-hydrogenase sample (see Section 4.1.2) pulse ENDOR ex-

periments have been carried out at X-band frequency. However, interfering rf harmonics have been

produced at the 17O-region (gN= -0.757516, Larmor frequency at X-band ν(17O)= 2.02 MHz [11]) in

the spectra due to the instrumental set-up and no further ENDOR signals could be detected originating

from an 17O coupling.

7.1.3 HYSCORE Spectra of Isotope Labeled Samples

HYSCORE is a complementary technique to ENDOR spectroscopy. It allows to circumvent existing

experimental difficulties of the double resonance method and yields the desired spectroscopic informa-

tion about H/D exchangeable hydrons. HYSCORE spectra of the [NiFe]-hydrogenase from D. vulgaris

Miyazaki F in buffer containing H2O and D2O, respectively, have successfully been recorded at differ-

ent field values.

Proton HYSCORE Spectra. The spectra of the as isolated sample which contained 70 % Ni-B and

30 % Ni-A7.1g in H2O buffer are depicted in Figure 7.5. In the proton region (νH ), the largest peaks are

observed in the (+,+) quadrant and in the (-,+) quadrant ridges of rather low intensity were detected,

indicative for weak couplings. An intense and broad ridge at 13.8 MHz stretched up to (16, 11.5)

MHz. This ridge was attributed to remote protons weakly coupled to the Ni center by magnetic dipole

interaction. A further ridge at frequencies larger than the free Larmor frequency νH , at (14.9, 13.5)

MHz - (15.7, 12.6) MHz, was detected that was well separated from the ridge of the distant protons.

This signal obviously stems from a proton the hyperfine coupling of which is quite anisotropic. The

narrow form of the ridge and the anisotropy led to the conclusion that it is due to a proton which is near

to the Ni. Additionally, sum and difference combination peaks were detected at, for example, � (12,

13.8) MHz resulting from the interaction of proton couplings together with nitrogen couplings. The

presence of correlation peaks in the nitrogen region of the spectrum (νN ) in both quadrants, in the (+,+)

and in the (-,+) quadrant but with less intensity, indicated an intermediate coupling case for Ni-A and

7.1g The Ni-B state was generated after reduction to Ni-C with D2 and reoxidation by exposure to air. The ratio was deter-

mined comparing the values of double integrals of the simulated spectra.
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Figure 7.5: HYSCORE spectra of the hydrogenase from D. vulgaris Miyazaki F at g2 in H2O (Top)

and D2O (Bottom). Arrows indicate spectrometer artifacts related to the pulse programmer clock which

occur at
�

3.9, 7.9, 11.8, 15.7, .. MHz. Experimental conditions: (Top) Ni-B: 70 %, B0 = 323.4 mT,

4.2 K, 9.77 GHz, π � 2 � 16 ns, π � 24 ns, τ � 120 ns, (Bottom) Ni-B: 85 %, B0 = 323.2 mT, 4 K, 9.77

GHZ, π � 2 � 16 ns, π � 24 ns, τ1 � 120 ns, τ2 � 160 ns.

Ni-B nitrogen couplings. Along the diagonal the three zero-field transitions of the nitrogen coupling

emerged due to non-ideality of the pulses. Off-diagonal correlation transitions between ν0 � ν �
� ν � and

νdq with varying intensities were detected; (ν0 � νdq) at (0.6,3.69) MHz, (ν � � νdq) at (1.35,3.69) MHz

and (1.25,4.1) MHz, (ν �
� νdq) at (1.88,3.69) MHz and (1.65,4.1) MHz.

Furthermore, very weak signals stretched from about (20.3, 7.4) MHz to (22.0, 5.6) MHz perpen-

dicular and symmetrically spaced with respect to the main diagonal (data not shown) which may be at-

tributed to β-CH2 protons of the cysteine residues. The hfc’s for these protons have a large isotropic con-

tribution (cf. [125,157]) which leads to a large splitting from the diagonal. Due to the small anisotropy,

peak intensities are very low for these protons (see Section 3.3.1).

Initial hf parameters for the simulation of the ridge stretching from (14.9, 13.5) MHz - (15.7, 12.6)

MHz have been determined from the spectra of the hydrogenase in H2O according to the method devel-

oped by Pöppl et al. [110]: � aiso � � 1.9
�

0.4 MHz and � adip � � -3.9
�

0.4 MHz or � aiso � � -1.6
�

0.4

MHz and � adip � � 2.4
�

0.4 MHz. As a starting point for the simulations it was assumed that this proton
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Table 7.2: The hf couplings of the hydrogenase from D. vulgaris Miyazaki F as obtained by simulation

of the HYSCORE spectra of the enzyme in H2O. The direction cosines of the hyperfine tensor are given

relative to the crystal structure [23]. Further simulation parameters: gi � 2.333, 2.163, 2.010; Wi �
1.2 mT, 0.7 mT, 0.6 mT. Comparison of experimental spectra with simulations while systematically

varying one parameter resulted in the following estimated margins of error: ∆a
� �

0 � 1 MHz for the

exchangeable proton and ∆a
� �

0 � 03 MHz for the 14N hfc, ∆
�
e2qQ � h � � �

0 � 03 MHz, ∆η
�

0 � 02,

angles
� �

15 � 20
�

for the exchangeable proton and
� �

10
�

for 14N.

exchangeable H Ni-B

1 2 3

aiso [MHz] 1.9

adip � i [MHz] 4.4 2.9 -7.3

Ai [MHz] 6.3 4.8 -5.5

lai 0.26 0.57 0.78

lbi 0.95 -0.29 -0.10

lci 0.17 0.77 -0.61

e2qQ � h [MHz] –

η –

lai

lbi

lci

N(ε)-His88 Ni-B

1 2 3

-1.95

0.25 0.15 -0.40

-1.65 -1.75 -2.30

0.37 0.85 0.36

-0.13 -0.34 0.93

0.92 -0.39 -0.01

1.96

0.39

-0.59 0.76 0.27

0.48 0.06 0.88

0.65 0.65 -0.39

N(ε)-His88 Ni-A

1 2 3

-1.48

0.20 0.15 -0.35

-1.28 -1.33 -1.83

-0.22 0.82 0.52

0.20 -0.49 0.85

0.95 0.29 -0.06

1.90

0.35

0.80 0.49 0.35

0.02 -0.56 0.83

0.60 -0.67 -0.43

is bound at the small bridging ligand like it was proposed by Bleijlevens et al. [150]. Thus, initial values

for the Euler angles relating the g-tensor orientation to the hf tensor orientation were calculated from

the position of the bridging ligand in the X-ray structure of the oxidized enzyme and using the direction

cosines of the g-tensor principal axes of the Ni-A and Ni-B state [79]. A hydroxyl group, which was

assumed being a ligand to the nickel site, in most cases is not bound linearly with respect to the metal-O

bonds. Accordingly, the Euler angles were varied over a wide range during the simulation procedure.

The variation of the direction cosines induced only slight changes to the form of the ridge, accordingly

the magnitudes of the initially obtained direction cosines are more erroneous than those which were

determined by the following analysis. Iteratively, the parameters of the simulation of the exchangeable

proton were used for the refinement of the simulation of the exchangeable deuteron and vice-versa (see

below) in order to get a consistent set of orientation parameters. The ridge at 14.2 MHz in H2O buffer

was simulated with best agreement with the shape of the ridge in the experimental spectrum with one

set of hfc parameters. The resulting hfc values are given in Table 7.2 and the simulated spectrum is

displayed in Figure 7.7.

Due to the presence of at least two paramagnetic nuclei coupling with the unpaired electron spin
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Figure 7.6: Simulation of the HYSCORE spectrum of the oxidized hydrogenase from D. vulgaris

Miyazaki F at g2. (a) The simulated 2D HYSCORE spectrum of the 14N couplings for the Ni-A (red)

and Ni-B (green) state are depicted. They are assigned to an adjacent histidine residue, His88. For

the presentation of the simulated spectra a ratio Ni-A:Ni-B = 3:7 was considered. The contours of the

experimental spectrum (depicted in Figure 7.5) are underlayed in grey. (b) Skyline projections of the

experimental (—) and simulated ( � ��� ) HYSCORE spectra. The simulation is the sum of 0.3 Ni-A and

0.7 Ni-B. Simulation parameters: see Table 7.2 and B0 = 323,4 mT, 9.77 GHz, τ � 120 ns.

Figure 7.7: Simulation of the HYSCORE

spectrum of the the exchangeable proton of

the oxidized hydrogenase from D. vulgaris

Miyazaki F at g2 (green). The contours of the

experimental spectrum (shown in Figure 7.5)

are underlayed in grey. The simulation param-

eters used are displayed in Table 7.2. The spec-

trum has been calculated with B0 = 323.4 mT,

9.77 GHz, τ � 120 ns. By taking τ =210 ns, the

splitting of the ridge could be reproduced.

1

2

ν

[M
H

z]
ν

[MHz]
12 14 16

12

14

16

Hν
+

one expects that combination peaks of notable intensities emerge. This effect would alter the spectrum

compared to these of only one nucleus. Such ridges are quite intense, especially if e � g � a deuterium

nucleus (I=1) is coupled to a 14N nucleus (I=1) [158]. In order to understand the HYSCORE spectra of

the H/D exchanged sample which will be discussed below one first has to know the full set of parameters
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of the 14N nucleus and could then extract the hyperfine and quadrupole parameters for deuterium by

simulation.

The 14N quadrupole couplings have been studied earlier by ESEEM studies of the Ni-A state of the

hydrogenase from D. gigas in solution [159] and extensively by single crystal ESEEM and HYSCORE

spectroscopy on the Ni-A and Ni-B state of the hydrogenase from D. vulgaris Miyazaki F [148].

According to the characteristic values of e2qQ � h and η the nucleus has been assigned to a weakly

coupled imidazole N [159] rather than to a backbone N or other nitrogen. In hydrogenases a highly

conserved histidine residue is found, namely His88, which is located in the close proximity of the

[NiFe]-cluster.7.1h This residue has been identified to be responsible for the coupling by a combination

of site directed mutagenesis and spectroscopic experiments on a related system, the regulatory hydro-

genase from R. eutropha [131]. Results of DFT calculations on 2-methyl-imidazole and ethanthiol as

a model strongly suggest that the N(ε)-H of His88 forms a hydrogen bond with the sulfur atom of

Cys549 [130, 131]. This residue is in the direction of the g3 axis and thus is suspected to carry a part

of the spin density [81, 124, 142, 160]. However, the hyperfine parameters for this 14N have not been

determined so far.

Initial values for e2qQ � h and η for Ni-B: e2qQ � h =1.98 MHz, η = 0.37 and for Ni-A e2qQ � h =1.90

MHz, η = 0.34 were taken [130]. These were varied in order to obtain better agreement of the simu-

lated spectra with respect to the experiment. The resulting deviation of the final simulation parameters

were within the given error. For the simulation it was initially assumed that the principal axes of the

quadrupole tensor axes are collinear with the one of the hf tensor which is justifiable according to Ashby

et al. [161]: The X-ray structure revealed that the probable orientation of the lone pair or the N-H bond

at the N(ε), which is approximately the bisector of the imino CNC bond, should fall into the direction of

the dipolar axis [23]. In a further step of the simulation procedure the direction cosines of the principal

axes of the quadrupole coupling tensor were varied, too. The results of the spectral simulation for the

N(ε) of His88 for the Ni-A and the Ni-B state are presented in Table 7.2 and in Figure 7.6.

Deuteron HYSCORE Spectra. Upon solvent exchange (85 % Ni-B and 15 % Ni-A)7 � 1g the separated

ridge at 13.8 MHz vanished completely. At the same time at the 2H Larmor frequency new signals

emerged (Figure 7.5, 7.8). These signals now can clearly be attributed to the exchangeable proton

found by X-band cw-EPR spectroscopy which is suspected to be part of a ligand to the [NiFe] site in

the first ligand sphere due to the coupling and the pronounced anisotropy [150]. The other features of the

spectrum, i.e. the weakly coupled nitrogen and the relatively isotropic couplings in the proton region,

were maintained to first approximation ( e.g. (ν � � νdq) at (1.15,4.0) MHz and (ν �
� νdq) at (1.7,4.0)

MHz)). Surprisingly, the H/D exchanged sample exhibited 14N couplings slightly different from those

in the spectra of the hydrogenase in H2O: The double quantum peaks showed a larger splitting of the

correlation peaks of (νsq1 � νdq), (νsq2 � νdq), correlations associated with v � are shifted to slightly lower

7.1hIn the hydrogenase from D. vulgaris Miyazaki F the N(ε) is located in a distance of 5.10 Å from the Ni center.
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Figure 7.8: HYSCORE spectra of the hydrogenase from D. vulgaris Miyazaki F at g1 and g3 in D2O.

(g1) B0 = 299.5 mT, 4 K, 9.77 GHz, π � 2 � 16 ns, π � 24 ns, τ1 � 176 ns, τ2 � 200, (g3) B0 = 338.9

mT, 4 K, 9.77 GHZ, π � 2 � 16 ns, π � 24 ns, τ1 � 120 ns, τ2 � 176 ns, τ2 � 200 ns, accumulation

times 3-8 h, each.

frequencies and the ridges are broadened.

In order to interpret the spectra of the enzyme in D2O, first the 14N signals were simulated and

then the contributions of the deuteron were analyzed. The simulation parameters for the hyperfine and

quadrupole interaction of the N(ε) of His88 previous simulation thus were tentatively changed until a

fairly good agreement with the experimental spectrum was obtained (Table 7.3 and Figure 7.9).

The proton hf couplings obtained in the precedent simulation of the spectra have been scaled down

by the factor gH � gH to hfc values for a deuterium nucleus. The orientation and hyperfine parameters

have been refined iteratively until the orientation dependence of the hfc has been reproduced satisfac-

torily. However, the relative intensities of the double quantum transitions as well as of the combination

peaks were comparatively low which turned out to be disadvantageous for unambiguously deriving the

hfc parameters. The coupling to a deuterium nucleus (I=1) has a certain quadrupole contribution even

though the quadrupole moment is about an order of magnitude smaller than that of a nitrogen nucleus.

Such a contribution has been found in case of a hydroxo ligand at the Mo center of sulfite oxidase and of

the dimethyl sulfoxide (DMSO) reductase [162,163] and has also been observed in the case of a deuter-

ated tetrapyridine-copper(II) complex [164]. The correlation peaks of the HYSCORE spectra showed

a clear splitting which has been simulated with an e2qQ � h of 0.25 MHz7.1i [162, 163]. However, in a

spectrum at g2 obtained by division of the HYSCORE time traces (envelope division) [165] of the D.

vulgaris Miyazaki F [NiFe]-hydrogenase no such splitting with e2qQ � H � 0 � 2 MHz could be observed

within the given linewidth. Analogously, 2H-ENDOR spectra of the reoxidized form of the D. gigas

7.1iThese spectra have been recorded at Ku-band frequency (16.5 GHz) in order to meet the exact cancellation condition

νD � A
�
2 which produces sharp lines.
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Table 7.3: The hf couplings of the hydrogenase from D. vulgaris Miyazaki F as obtained by simulation

of the HYSCORE spectra of the D2O exchanged the enzyme. The hfc’s for deuteron are a factor

gN
� 1H � � gN

� 2H � � 6 � 514 smaller than for protons. Further simulation parameters: gi � 2.333, 2.163,

2.010; Wi � 1.2 mT, 0.7 mT, 0.6 mT. (errors: see Table 7.2) and ∆a
�

0 � 05 MHz for the 2H hfc coupling.

exchangeable D Ni-B

1 2 3

aiso [MHz] 0.28

adip � i [MHz] 0.67 0.45 -1.12

Ai [MHz] 0.95 0.73 -1.40

lai 0.26 0.57 0.78

lbi 0.95 -0.29 -0.10

lci 0.17 0.77 -0.61

e2qQ � h [MHz] –

η –

lai

lbi

lci

N(ε)-His88 Ni-B

1 2 3

-1.85

0.23 0.15 -0.38

-1.62 -1.70 -2.23

0.37 0.85 0.36

-0.13 -0.34 0.93

0.92 -0.39 -0.01

1.90

0.52

-0.59 0.76 0.27

0.48 0.06 0.88

0.65 0.65 -0.39

hydrogenase did not reveal any splitting of the signals due to quadrupole interaction [37]. Accordingly,

no quadrupole splitting has been considered in the simulations. After several refinement cycles the hfc

parameters for the exchangeable deuteron have been determined to the values given in Table 7.3. The

simulated spectra are depicted in Figure 7.9.

7.1.4 Discussion

In order to figure out where the H/D exchangeable proton is located in the molecular structure, the dis-

tance of the respective proton from the spin carrying center - which was assumed to be the Ni - has been

calculated by applying Equation (3.9). A distance of (Ni-H)= 2.8
�

0 � 2 Å was obtained. Due to the fact

that the direction cosines determine only the orientation of the proton coupling to the electron spin no

information is given whether the proton is found in the positive or negative direction on the respective

axis. Thus, both directions have to be considered for the locus of the H/D exchangeable hydron. Ac-

cording to the derived values, this hydron could then either be found at the bridging position as assumed

before or it could also be possible that the sulfur of Cys81 is protonated. DFT studies have proposed

that a terminal cysteine of the active site might be protonated, however, only a protonation of both sides,

the bridging oxygenic ligand and a terminal cysteine have been suggested in the Ni-A state [166] or in

the Ni-B state [142]. This should yield hfc’s that are well distinguishable in the HYSCORE spectra.
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Figure 7.9: Simulation of the HYSCORE spectrum of the exchangeable deuteron in the Ni-B state of

the [NiFe]-hydrogenase from D. vulgaris Miyazaki F at g1, g2, and g3. (g2, a) Simulation of the 2D

HYSCORE spectrum in green. The experimental spectrum is laid underneath in grey. (g2,b) Skyline

projection of the experimental (—) and simulated ( � ��� ) spectra. Simulation parameters: see Table 7.3

and 9.77 GHz, (g1) 299.5 mT, τ = 176 ns, (g2) B0 = 323.2 mT, τ = 160 ns, (g3) 338.9 mT, τ = 176.

This has not been observed. Furthermore, according to the DFT studies the protonation occurs at the

other terminal cysteine, Cys546 [142], which carries contrary to Cys81 a certain amount of the unpaired

spin density [81, 157]. The magnitudes of the 17O hyperfine couplings which have been reported for

the Ni-A [35, 147] and in the Ni-B state [147] strongly suggest that a small, yet not negligible part of

the unpaired spin density is found at the bridging ligand. This makes it more probable that the observed

signals come from a proton bound to the small bridging ligand rather than from one at the sulfur of
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Figure 7.10: Orientation of the principal axes of the hyperfine coupling tensors for the exchangeable

proton (green) and of N(ε) of His88 (dark green) centered on the Ni, and the orientation of the principal

axes of the quadrupole tensor centered at N(ε). The lengths of the hyperfine tensor axes centered on the

Ni correspond to the relative magnitudes of the hf couplings given in Tables 7.2 and 7.3.

Cys81. If Equation (3.9) holds the distance of 2.8
�

0 � 2 Å is a very reasonable value [167] that leads to

a O-H bond length of 1.1 Å and a Ni-O-H angle of 110
�

. Together with the knowledge of the orienta-

tion of the dipolar axis the coordinates of that proton have been added to the X-ray structure in Figure

7.10.

A minor contribution of the investigated enzyme samples resided in the Ni-A state (30 % in H2O,

15 % in D2O). Thus it cannot be excluded that some of the H/D exchangeable signal could be due to the

Ni-A species. Several studies have been undertaken in order to get information about hfc parameters

of H/D exchangeable proton(s) of the hydrogenase from D. gigas. Fan et al. suggested the presence of

an H/D exchangeable proton of A(H) � 4.6 MHz in the Ni-B state, but could not discriminate whether

there is also a proton exchanged to a deuteron in the Ni-A state. Chapman et al. reported an H/D

exchangeable signal in the ESEEM spectra of Ni-A which emerged after a reduction and reoxidation

cycle, unfortunately the data were not depicted impeding a direct comparison to the results presented

here [159]. The F420 non-reducing hydrogenase from M. marburgensis in contrast to A. vinosum also

exhibited solvent exchangeable hfc’s on the g3 component of the EPR spectrum in the Ni-A state [150].

However, in orientation and site selected single crystal ENDOR spectra of the Ni-A state of the D.

vulgaris Miyazaki F hydrogenase no signals of comparably large anisotropy were detected that would

be expected for a proton in the first coordination sphere of the [NiFe]-cluster [148].

However, if there would be an exchangeable proton present also in the Ni-A state its contribution to

the D2O exchanged sample would be negligible due to the small spin concentrations of Ni-A (15 %) in

this sample. Evidence, that the detected exchangeable proton actually is correlated to the Ni-B state first

of all comes from the EPR data which clearly showed a difference of resolved hf interactions after H/D

exchange. The EPR spectra were simulated in good quality using the parameters derived in this analysis

(see Figure 7.1). Second, HYSCORE spectra recorded at 299.5 mT at 9.77 GHz which corresponds to
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Figure 7.11: Position of the His88 residue relative to the active site. The plane of the imidazole ring is

parallel to the g3 axis of the g-tensor in the Ni-A, Ni-B, Ni-C, and in the Ni-L state.

g1 of Ni-B where Ni-A does not contribute to the spectra any more still exhibited deuteron couplings

and these were reproduced quite well by the simulations with the parameters of Tables 7.2 and 7.3.

The 14N isotropic hyperfine coupling constants for Ni-A and Ni-B obtained in this work are compa-

rable in magnitude with a slightly larger constant for Ni-B. The hyperfine and quadrupole coupling val-

ues derived herein are of a similar magnitude like those determined earlier by simulation of the ESEEM

spectra of the F420-reducing [NiFe]-hydrogenase from Methanobacterium (M.) thermoautotrophicum

(aiso � 1 � 8 MHz � e2qQ � h � 1 � 68 MHz � η � 0 � 48 [168]). These values compare well with the couplings

for the remote nitrogen of the imidazole ligand of copper imidazole complexes [169]. Couplings for

directly coordinated nitrogen nuclei have been reported to be � 20 times stronger [108]. Assuming that

the point dipole model holds, one could estimate the distance of the nitrogen nucleus from the spin car-

rying center using the anisotropic hyperfine interaction parameters with Equation (3.9).7.1j One obtains

a distance of 3.1 Å and 3.2 Å for Ni-B and Ni-A, respectively, which is much shorter than the real

distance according to the X-ray structure the N(ε)-Ni of 5.1 Å. The sulfur atom of Cys549 which carries

a substantial amount of spin density [81, 142, 160] is only 3.3 Å away from the N(ε). According to the

X-ray structure the Ni-S-N(ε) angle is 157
�

[23]. The finding suggests that the magnitude of the hfc

with N(ε) mainly is determined by the interaction with the unpaired spin density located at the sulfur

atom than by the interaction with the spin density at the more remote Ni.

The deviation of the values for the quadrupole coupling obtained by simulation are larger than the

error of the method. Especially η, the asymmetry parameter, is comparatively large for a N(ε) of the

histidine of [NiFe]-hydrogenases [131,148,159]. Which effect altered the coupling parameters? His88

occupies a particular position: the imidazole ring plane is parallel to the g3 axis and the plane normal is

oriented in a way that the pz orbital of the N(ε) has the optimum orientation for an interaction with the

unoccupied dx2 � y2 orbital at the Ni (Figure 7.11). Together with the hydrogen bond formation between

7.1jFor a nitrogen nucleus one obtains Adip 	 5 � 7 MHz � Å
3 �

r3 where the hfc is in MHz units and r measured in Å.
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the sulfur of Cys549, which implies a suitable sulfur orbital orientation as well, a situation is generated

where the histidine orientation is kept fixed in an orientation that would facilitate a spin density trans-

fer. Taking into account the results of the DFT calculations of nuclear quadrupole coupling parameters

of Brecht et al. [130, 131] the experimental values would argue for a decrease of the Cys549-S � � � H-

N-His88 hydrogen bond distance of about 0.1 Å upon solvent exchange to D2O. Concomitantly, the

hfc couplings decreased, too. This also points to a decrease of the intercenter distance. However, it

remains unclear why an H/D exchange would alter either the distance of His88 or change the unpaired

electron spin distribution of the active site. Either the H/D exchange itself may have induced a confor-

mational change of the enzyme structure. Or, the hydrogen bond at His88 could have been exchanged

by deuteron upon solvent exchange and the difference of the N-H/D bond strength could have influ-

enced the hyperfine and quadrupole coupling parameters. It has been shown earlier for the remote

nitrogen of Cu2
�

-imidazole compounds that the e2qQ � h and η values can serve as sensitive probes of

structural details. The value of e2qQ � h is related to the nitrogen lone pair donor orbital population

and thus reflects the strength of the nitrogen base Lewis acid interaction between the imidazole and the

metal ion. The values are varied by the presence of hydrogen bonding. They decrease the e2qQ � h value

along with an increase in η [161,169]. H/D exchange at the hydrogen bonded remote nitrogen reduced

the electron occupancy of the sp2 orbital at the nitrogen nucleus and weakened the hydrogen bond of

the imidazole at the Cu(II) complexes [169].

7.1.5 Conclusion and Outlook

In this section the oxidized paramagnetic states of the [NiFe]-hydrogenase from D. vulgaris Miyazaki F

with the main focus on the Ni-B state have been investigated. Analysis of multi-frequency EPR spectra

of Ni-B showed that g-strain considerably contributes to the inhomogeneous line broadening of the g1

and g2 peak of the EPR spectrum. In Ni-A a similar line broadening at the canonical orientations was

detected at X-band frequencies. The g-strain is due to the structural disorder of the active site which

leads to many microstates contributing to the EPR spectrum. This phenomenon is responsible for the

fact that hf interactions of proximal protons like the β-CH2 of the cysteines cannot be resolved in EPR

at these field positions. Nevertheless, a splitting of the g3 component, which is the narrowest and thus

best defined in the oxidized states, was observed upon H/D solvent exchange. This clearly indicated that

a H/D exchangeable hydron is existent in the Ni-B state. Line broadening effects upon H17
2 O exchange

in the EPR spectrum of Ni-B suggested the presence of an oxygenic ligand in the first ligand sphere of

the Ni center. HYSCORE spectroscopic studies on the oxidized state revealed the presence of a hydron

being a constituent of a ligand of the [NiFe] center and its position relative to it. The hfc parameters of

the proton and the hydron and their hf tensor orientation with respect to the active site in the Ni-B state

of the [NiFe]-hydrogenase were determined. Comparison of the orientation of the hf tensor with respect

to the g-tensor principal axes orientation in the crystal structure showed that the hydron is indeed bound

to the bridging ligand.
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These results corroborate the structural model for Ni-B proposed earlier by Stein et al. [81,84,125]:

DFT calculations could reproduce spectroscopic results like the magnitude and orientation of the g-

tensor principal values and the hf tensors best with a model containing a hydroxide bridge in the Ni-B

state. Earlier works proposed an empty bridging position in the Ni-B state [82, 166, 170]. In this work

it could be clearly shown that this is in contradiction to the magnitude and orientation dependence of

the observed hf couplings.

In the HYSCORE spectra further couplings of a nitrogen nucleus have been detected. These were

earlier assigned to the N(ε) of a nearby histidine, His88 [131, 159, 168]. The full hfc and quadrupole

tensors were determined for the Ni-A and the Ni-B states. This histidine has a particular orientation with

respect to the Ni site that may facilitate a charge transfer and it was speculated whether it participates

in the transport of protons derived by the cleavage of hydrogen to the surface of the protein [25].

Upon solvent exchange and a reduction/reoxidation cycle a change in the quadrupole parameters of this

histidine was observed which was attributed to a shortening of the Ni-N(ε)His distance. This could be

caused by a H/D exchange at this site that alters the N(ε) � � � S distance due to different binding constants.

The results indicated the relevant influence of that residue with respect to the electronic spin distribution

of the active site. Accordingly, it should also be taken into account in advanced computational models

for a better understanding of the activation process.

In this study which focussed on the Ni-B state it could, however, not be discriminated whether there

is an H/D exchangeable hydron present in the Ni-A state as well. EPR and ENDOR or HYSCORE

spectroscopy on the pure Ni-A state could give an answer to the question whether the bridging ligand in

Ni-A is protonated or is just an O2 �
(or S2 �

[23]) species which has been suggested by DFT calculations

[81, 84, 125]. 17O ENDOR spectroscopy at Q-band frequency would pin down the exact nature of the

bridging ligand - an oxygenic or sulfuric species - in the active site of the [NiFe]-hydrogenase from D.

vulgaris Miyazaki F and its interaction with the [NiFe] center in the Ni-A as well as in the Ni-B state.
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7.2 The Catalytically Active Intermediate Ni-C

Under hydrogen gas atmosphere or induced by a reductant, a new nickel EPR signal could be observed

in hydrogenases which exhibits g-values of 2.2, 2.15, 2.01 [8, 16]. This state is believed to be an inter-

mediate of the catalytic cycle of hydrogen cleavage. In earlier studies on this state a narrowing of the

EPR linewidth has been observed in various hydrogenases upon H/D solvent exchange and successive

reduction [47, 60]. This experiment showed that (substrate) hydrogen binding is involved in the forma-

tion of this state. In order to elucidate the mechanism of the heterolytic hydrogen cleavage the binding

site(s) of the hydrogenic species and its nature (the substrate H2 or the products, H
�

and H
�

) in this

state are of crucial interest. In favorable cases - which for this state means in the absence of further

spin couplings7.2a advanced EPR techniques such as ENDOR and HYSCORE spectroscopy offer the

opportunity to determine the position of the substrate in this state.

Solvent exchangeable signals have previously been detected by proton and deuteron Q-band EN-

DOR studies on the Ni-C state of the [NiFe]-hydrogenases from D. gigas [37] and from Th. roseop-

ersicina [38]. These experiments detected strongly coupled H/D exchangeable hfc’s of about 17 MHz

at g1 (D. gigas ) and of about up to 20 MHz at g2 (Th. roseopersicina). Orientation selected ENDOR

studies at X-band frequency on the hydrogenase from D. gigas in the Ni-C state could identify large

hfc’s of about 19 MHz at some field positions (g1 � g2) being in reasonable agreement with previous re-

sults [126]. However, none of these studies succeeded in localizing this H/D exchangeable hydrogenic

species.

Only recently, orientation selected ENDOR studies in combination with HYSCORE spectroscopy

were undertaken on a related system, the regulatory hydrogenase from R. eutropha which acts as a

hydrogen sensor and shows only low catalytic power [171]. These studies revealed the presence of a

solvent exchangeable hydride bound between the nickel and the iron and its hfc parameters [130]. Albeit

this regulatory hydrogenase occurs in only two redox states, Ni-C and Nia-Si [171], it shares many

spectroscopical similarities and an amino acid sequence homologous to standard [NiFe]-hydrogenases

[7,171,172]. The latter studies provided much evidence that it has an active site akin to that of standard

[NiFe]-hydrogenases and thus may serve as a model for standard [NiFe]-hydrogenases.

However, even if there are many indications that a hydrogenic species is bound to or at the active site

of standard [NiFe]-hydrogenases unequivocal approval for its presence and the location is still missing.

It has thus been attempted to prepare samples of the D. vulgaris Miyazaki F hydrogenase in the Ni-C

state where the [4Fe-4S]-clusters are oxidized. The presence of a reduced (and fast relaxing) iron-sulfur

cluster in the vicinity of the active site leads to increased relaxation rates for the [NiFe]-cluster as well.

With the absence of this spin coupling, however, the opportunity to apply double resonance or pulse

7.2aAt temperatures below 20K the Ni-C spectrum of standard hydrogenases changes into a fast relaxing species with a

complex line shape which is called ’split’ Ni-C. This spectrum is observed when the [4Fe-4S]-clusters are also reduced and

thus paramagnetic [74].
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techniques is offered. In this section, results of EPR spectroscopic characterization, orientation selected

ENDOR, and HYSCORE studies of the Ni-C state of the hydrogenase from D. vulgaris Miyazaki F are

presented. With the availability of the Ni-C g-tensor principal axes orientation (cf. Section 5) and an

X-ray structure of high resolution of the reduced state of this enzyme [24] valuable information about

the spatial arrangement of non-zero spin nuclei such as protons in the vicinity of an EPR-active metal

site within the hydrogenase are accessible. ENDOR spectroscopy allows the identification of protons

which are largely isotropically coupled such as the β-CH2 protons of the thiolate side chains of the

active site ligands (cf. [157]). Complementary to that, HYSCORE spectroscopy better resolves highly

anisotropic hfc’s which are expected to occur for nuclei in a short distance to the spin carrying center.

The results are compared with the aforementioned ENDOR studies of Müller et al. [126] and Brecht

[130]. Müller et al. determined the hfc’s, spin densities and g-tensor orientation of the Ni-C state

based on the comparison of the data from a [NiFe]- and [NiFeSe]-hydrogenase [126] and obtained an

assignment of the hyperfine couplings deviant to the results presented here and to the results for the

regulatory hydrogenase [130].

After the publication of the first high resolution X-ray structure of the [NiFe]-hydrogenase from

D. gigas many quantum chemical studies concentrated on the calculation of models [81, 132] and

proposed various possibilities for the spatial and electronic structure of the active site. Experimental

data for comparison with these proposals were, however, lacking so far. The results obtained herein

will be compared with these DFT studies.

7.2.1 EPR Spectroscopic Characterization of the Ni-C State.

Determination of EPR Line-Widths of Ni-C in H2O and D2O. Exposition of D. vulgaris Miyazaki

F hydrogenase samples to a pure hydrogen gas atmosphere for 2-3 h yielded the Ni-C state. The spin

concentration of Ni-C in D. vulgaris Miyazaki F hydrogenase was about 30-50 % of that found for the

oxidized states. The respective EPR spectra at X- and Q-band frequencies of this species in H2O/H2

and D2O/D2 are shown in Figure 7.12. The generation of the deuterated hydrogenase samples in the

Ni-C state had taken up to three times longer incubation times. A narrowing of the EPR linewidths at

all canonical orientations was observed upon solvent exchange to D2O and subsequent reduction of the

sample with D2 (Figure 7.12, Table 7.4). Besides unresolved ligand hyperfine splittings the line widths

of the Ni-C EPR signal arise essentially from g-strain effects.

The spin concentration of Ni-C in the D. vulgaris Miyazaki F hydrogenase corresponds to spin

concentrations reported before for hydrogenases from other organisms [37, 61]. The line narrowing

upon H/D exchange is in the same range like reported for other hydrogenases [37, 47, 60]. The line-

widths of Ni-C are comparable in size to those of the Ni-B state of this enzyme and also compare well

with values determined for the D. gigas hydrogenase [74]. In both states the broadening was most

pronounced at g1 which points to microheterogeneities in the structure of the active site especially in

that direction. The g-tensor axes g1 and g2 are, however, interchanged upon conversion of Ni-A/Ni-B
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Table 7.4: g-tensor principal values of the Ni-C state of the hydrogenase from D. vulgaris Miyazaki

F determined at X- and Q-band frequencies by simulation of the EPR spectra of Figure 7.12 using an

in-house simulation program [121]. (∆g(X-band)
�

0 � 003, ∆g(Q-band)
�

0 � 0006, ∆ W
�

0.2 mT).

g-values linewidth [MHz]

Ni-C H2O X-band 2.198 2.146 2.011 1.9 2.0 1.8

D2O X-band 2.199 2.146 2.011 1.5 1.7 1.5

H2O Q-band 2.1980 2.1462 2.0112 3.3 1.7 (0.2)

to Ni-C.

’Split’ Ni-C. Lowering the temperature yielded the complex EPR spectrum of ’split’ Ni-C; the max-

imum signal intensity of the virtually ’unsplit’ Ni-C signal was obtained at 40-50 K, see Figure 7.12.

The EPR lines split into two for g1 and g2 or into more lines at g3. The splitting of the signals at the

three canonical orientations was determined from the spectra at X- (and Q-band) with 5.6 (5.1), 13.3

(12.5), 3.3/10.3 (9.1) mT. The g1 feature with the smallest splitting broadened out first when the temper-

ature was raised again whereas g2 with the largest splitting broadened out last. This is expected as the

broadening occurs when the magnitude of the splitting, given in frequency units, is comparable to the

spin lattice relaxation rate 1/T1 at a given temperature. The condition for this is 1/T1 � ∆gβB � h, where

∆B is the splitting in magnetic field units [72]. Accurate information about the magnitude of exchange

and dipolar splittings have been obtained before by measurements at multiple frequencies and complex

simulations on the D. gigas hydrogenase [74, 134, 173, 174] which shows a highly similar splitting

pattern.7.2b With the presence of this splitting the application of advanced EPR methods like ENDOR

or HYSCORE spectroscopy is prohibited due to strongly enhanced relaxation rates by the magnetic

coupling with the fast relaxing iron-sulfur clusters [49, 74, 175].

pH Dependence of Ni-C. It was attempted to find experimental conditions for the generation of

’unsplit’ Ni-C which is obtained when the [4Fe-4S]-clusters are oxidized. As the midpoint potential

of the conversion from the Ni-C to Ni-Si state exhibits a larger pH dependence with respect to the

iron-sulfur clusters [8, 44, 49, 52] it was assumed that the fraction of the reduced [4Fe-4S]-clusters

would decrease upon lowering the pH and thus would yield pure unsplit Ni-C. The resulting EPR signal

shapes of the Ni-C species prepared at different pH values were not influenced7.2c which is in line with

7.2bIt has been shown earlier that these two hydrogenases are closely related concerning the structure and spatial arrangement

of the cofactors as well as their general redox behavior [23, 46]. However, subtle differences in the exact midpoint potentials

are observed which may be caused by the altered protein environments of the cofactors of the respective hydrogenase.
7.2cThis was tested in the range of pH 5.0 - 8.0 in steps of 0.5 pH units. At pH values lower 5.5 - 5 the protein started to

denature quite rapidly even at low concentrations.
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Figure 7.12: X-band and Q-band EPR spec-

tra of the Ni-C state of the hydrogenase from

D. vulgaris Miyazaki F. X-band: (a) in H2O,

(b) in D2O, and (c) low temperature ’split’

Ni-C in H2O. Q-band: (d) in H2O and (e)

low temperature ’split’ form. The simula-

tions ( ��� � ) were obtained using an in-house

simulation program [121] with the parame-

ters given in Table 7.4. Experimental con-

ditions: (a,b) T = 50 K, 9.44 GHz, 1 mW

microwave power, 0.28 mT modulation am-

plitude, (c) T = 5 K, 9.59 GHz, 1 mW mi-

crowave power, 0.28 mT mod. amp., (d) T =

50 K, 33.994 GHz, 0.42 mW, 1.1 mT mod.

amp., (e) T = 5.9 K, 33.995 GHz, 0.1 mW,

1.1 mT mod. amplitude.
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D O
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observations on the [NiFeSe]-hydrogenase from Methanococcus voltae [176] and on hydrogenase from

A. vinosum reported only recently [177]. However, the integrals of the EPR signal varied with the pH,

as expected according to the observations of Zorin et al. [178]. At higher pH values larger EPR integrals

were obtained. The relative concentration of Ni-C at lower pH values was increased with respect to pH

8 (pH 6 : pH 7 : pH 8 = 1 : 0.75 : 0.7) but all the EPR spectra recorded at low temperature showed fully

’split’ Ni-C signals,7.2d see Figure 7.13.

Generation of ’Unsplit’ Ni-C. Samples of the D. vulgaris Miyazaki F hydrogenase containing an

increased fraction of up to 50-70 % of the ’unsplit’ Ni-C form only could be generated successfully by

purging the Ni-C sample for 15 to 30 minutes with argon as described before [74]. Thereby the Ni-C

concentration was lowered with respect to the initial concentration. Upon longer equilibration times

with argon, the Ni-C signal intensity decreased further, then first the [3Fe-4S]
�

signal, and subsequently

the Ni-A signal reemerged. In previous electrochemical studies midpoint potentials of the nickel center

of the hydrogenase from D. vulgaris Miyazaki [46] have been reported being higher than those observed

for the D. gigas hydrogenase [44, 52]. Thus, most probable the midpoint potentials of the other metal

cofactors of the D. vulgaris Miyazaki F hydrogenase are less separated than in the D. gigas enzyme

7.2dIn order to set a defined potential several redox dyes (a compilation is given in [179]) also was used. However, a sample

with ’unsplit’ Ni-C with sufficiently high concentrations was not obtained this way.
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 7 K40 K

Figure 7.13: X-band EPR spectra of Ni-C of the D. vulgaris Miyazaki F hydrogenase buffered at

different pH values at 40 K (Left) and 7 K (Right). The signal intensities were normalized to the initial

enzyme concentration. Experimental conditions: 9.44 GHz, 1 mW microwave power, 100 kHz mod.

frequency, 1 mT mod. amplitude.

(cf. Figure 2.3). However, these potentials have not been determined so far. It has been reported for

the D. gigas hydrogenase that it was possible to generate pure ’unsplit’ Ni-C by purging the reduced

sample with argon gas [74].

In principle, it is of interest to produce single crystalline samples of ’unsplit’ Ni-C. These samples

would yield in a very elegant manner spatial information about paramagnetic nuclei coupled to the

electron spin carrying center by means of site and orientation selected advanced EPR techniques, such

as ENDOR or ESEEM spectroscopy. Such studies have been undertaken successfully with oxidized

single crystals of the D. vulgaris Miyazaki F hydrogenase [125, 130, 148]. However, especially for the

Ni-C state, these investigations would require perfect crystals in a much larger size than available in

order to obtain a reasonable signal to noise ratio.

In Figure 7.14 a representative EPR spectrum of a mixed Ni-C and Ni-L state is depicted which

is partially ’split’. Obviously, the whole range of both species, Ni-C and Ni-L, is superposed by the

complex EPR spectrum of a spin-coupled iron-sulfur cluster.7.2e These species may also contribute

ENDOR or HYSCORE spectra in the respective temperature range where the spin coupling is observed.

This will be discussed in the respective sections.

7.2ecf. [74], the g-values o the iron-sulfur cluster of the hydrogenase from D. gigas are 1.860,1.915, 2.137.
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Figure 7.14: Example of an X-band EPR

spectrum of the hydrogenase from D. vulgaris

Miyazaki F with a mixture of the partially ’un-

split’ Ni-C (60 %, magenta) and Ni-L state (40

%, blue) obtained after purging the reduced

sample with argon. For further measurements

the respective pure states have been produced.

The broad signal with the apparent g-values of
� 1.90, 1.72 stems from the spin coupled iron-

sulfur clusters [173]. Experimental conditions:

T = 6K, 9.67 GHz, microwave power 1mW,

mod. frequ. 100 kHz, mod. amp. 1 mT.
1.522.53

g−value

7.2.2 Orientation Selected ENDOR Spectroscopy on the Ni-C State

In ’split’ Ni-C samples no cw-/pulse-ENDOR effect at all could be detected in the temperature range

of 2.8-25 K due to enhanced relaxation rates by the interaction of the active site with the adjacent

[4Fe-4S]
�

-cluster. Samples of Ni-C with a ratio of ’split:unsplit’ of about 1:2 according to the g2

signal intensity produced cw-ENDOR transitions but no pulse ENDOR signal could be obtained. The

apparent ENDOR effect for the hydrogenase from D. vulgaris Miyazaki F in the ’unsplit’ Ni-C state

was very weak and only high enzyme concentrations (1-2 mM) and prolonged accumulation times led

to an acceptable signal to noise (s/n) ratio in the spectra.

Orientation selected cw-ENDOR spectra have been recorded of Ni-C prepared in H2/H2O at 20

different field positions at 25 K, a temperature high enough that the EPR lines which were split by spin-

spin interactions with the iron-sulfur clusters start to coalesce. The spectra and experimental details are

shown in Figure 7.15.

The spectra were dominated by an intense matrix peak at the free proton frequency, which showed

additional structure at some field positions, mainly arising from relative distant protons (matrix protons)

and of inner lines of strongly coupled protons. Further intense transitions up to hfc’s of about 18 MHz

were found. Almost all prominent signals were centered symmetrical around the free proton frequency

ν0, and thus arise from proton resonances with couplings smaller than the free proton frequency. As

expected, the signals on the high frequency side of the spectra (ν � νH � 0) were generally more intense

than the ones observed at lower frequency. Under the chosen conditions, the ENDOR line widths were

between 0.3 - 0.6 MHz.

Two partly separated ridges with hfc’s from 10-17 MHz and from 4-11 MHz were detected, re-

spectively. Both stem from more than one hyperfine interaction as one can see in the field frequency

plot depicted in Figure 7.15. The hfc tensors showed only slight field dependences and, consequently,

exhibit a relative small anisotropic hyperfine coupling. It was thus concluded that according to the sim-
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Figure 7.15: (Left) Orientation selected cw-ENDOR spectra at various effective g-values (field posi-

tions) of the hydrogenase from D. vulgaris Miyazaki F. (Right) Field frequency plot of the ENDOR

spectra. Experimental conditions: X-Band cw-ENDOR, 9.5 GHz, T = 25 K, microwave power 30.2

mW, rf frequency modulation 12.5 kHz (amplitude 200 kHz), accumulation times 3-12 h, each.

ilar behavior of the couplings of one tensor the coupling protons have a similar spatial orientation and

are distant to the spin carrying center. Probable candidates for the couplings are the interactions of the

β-CH2 protons of the cysteines at the [NiFe] center with the unpaired electron spin [126,130,148,157].

In order to determine the influence of exchangeable protons on the ENDOR spectra, a sample

in D2/D2O has been prepared as described above. This sample was also prepared with a ratio of

’split’:’unsplit’ Ni-C of about 1:2. Orientation selected cw-ENDOR spectra at 17 different field po-

sitions have been recorded.

All proton ENDOR signals that were observed in the sample with D2O buffer originate from non-

exchangeable hydrogen atoms that are covalently bound to the molecule such as the cysteine β-CH2

protons of the ligand to the [NiFe] center. In Figure 7.16 a selection of the spectra is compared with the

spectra measured in the H2O sample at the same effective g-values. The spectra looked very similar to

the spectra recorded before (in H2O), but over the whole range slight changes in signal intensities were

observed. However, the changes of transition intensities and positions in the spectra are far too small

with respect to the signal to noise ratio to be interpretable in a reliable way. Hence, interpretation of

the ENDOR spectra provides valuable data about the hfc’s of the cysteine β-CH2 protons. However,
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Figure 7.16: Orientation selected cw-ENDOR spectra of the Ni-C state of the hydrogenase from D.

vulgaris Miyazaki F at various effective g-values (field positions) in H2O (blue) and D2O (black). The

relative signal intensity of the spectra of the D2O sample was standardized to the signal amplitude

of the matrix peak of the sample of Ni-C in H2O. The regions where differences can be observed

are underlayed in blue. Experimental conditions: cf. Figure 7.15, accumulation times 5-15 h for the

enzyme in D2O, each.

information about H/D exchangeable hydrons are not extractable from these spectra. The data for this

hfc can be achieved by analysis of HYSCORE spectra. In anticipation of the results described in Section

7.2.4 the complete simulation, including the H/D exchangeable hfc’s is already presented in here but

will be discussed in the following Section 7.2.4.

Simulation of the ENDOR Spectra. For the analysis of the ENDOR spectra, a set of transitions has

to be attributed to one distinct coupling by tracing the positions of the transitions continuously over the

whole field range. This assignment was facilitated by means of a field-frequency plot (Figure 7.15) as

it omits any information on the line width and intensities of the transitions. In the ENDOR spectra of

Ni-C two overlapping areas of presumably two hyperfine couplings can be distinguished. This way A � ,

the minimal coupling and the maximal one, A � , were determined and reasonable initial values of the
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Figure 7.17: Simulation of the β-CH2 protons of Cys549 and of the β-CH2 protons of Cys546 of the

Ni-C state of the D. vulgaris Miyazaki F hydrogenase. The nomenclature is given in Table 7.5 and the

assignment is discussed in the text. The ENDOR spectra were simulated with an in-house simulation

program [78] with the parameters of Tables 7.5 and an angular resolution of ∆θ = 0.1
�
.

hyperfine coupling constants were derived using the following relations: a iso � 1 � 3 � � A � � 2A � � and

adip � 1 � 3 � � A � � A � � , assuming a positive isotropic coupling and an axial adip tensor.

For the simulation of the hyperfine tensors not only the knowledge of the magnitude of the hfc’s is

needed but also the spatial orientation of the dipolar axes. In order to facilitate the analysis, the posi-

tions of all β-CH2 protons of the coordinating cysteine ligands in the X-ray crystallographic structure

of the reduced enzyme [23] were calculated with MOLDEN [180]. Transformation of the so derived

proton coordinates into the g-tensor principal axis system yielded a set of Euler angles that relates the

direction of the dipolar axes to the principal g-tensor axes. These Euler angles were used as initial val-

ues for the simulation of the spectra. It was tested which of the orientations with the appropriate initial

hyperfine parameters reproduced the shape of the tensor best. After subsequent variation of all the pa-

rameters - first optimizing the simulation at the single crystal like positions, g1 and g3, and then for the

intermediate field positions, and finally relaxing the restriction of axially symmetric hyperfine tensors -

a simulation of the ENDOR spectra with good quality and an estimate for the error of the individual ad-

justable parameters was obtained (Figure 7.17, Table 7.5). The error of the direction of the Euler angles

was determined to be about 5-8
�

. According to Equation (3.9) the error of the proton positions is lower

than 0.2 - 0.5 Å , depending on the distance from the Ni center. The simulation of the ENDOR spectra

with the best fit using all the determined hfc’s is shown in Figure 7.19. The simulations reproduce the



Determination of Proton, Deuteron, and Nitrogen Hyperfine Couplings 89

Table 7.5: Hfc parameters and direction cosines of the β-CH2 protons of cysteine residues of the

hydrogenase from D. vulgaris Miyazaki F in the Ni-C state. For the assignment of the hfc’s to the

respective cysteine residues, see text. Ai:A tensor principal values (i � 1 � 2 � 3), lki: direction cosines of

the principal axes (i � 1 � 2 � 3) in the crystal axes system (k � a � b � c) for the X-ray structure described in

the PDB-entry 1H2R. (Estimated errors: Ai
�

0.2-0.4 MHz, Euler angles:
� �

5
�

� 8
� � ) The spectra were

simulated with the following additional parameters: gi=2.198, 2.145, 2.010 (error
�

0 � 003), microwave

frequency 9.466 GHz, EPR linewidth 1.0 mT, ENDOR linewidth 0.35 MHz.

Cys549 a 1 2 3

aiso [MHz] 12.4

adip � i [MHz] -1.9 -2.5 4.4

Ai[MHz] 10.5 9.9 16.8

lai (-0.31) ( -0.62) 0.72

lbi (0.80) (-0.58) -0.15

lci (0.51) (0.53) 0.68

Cys549 b 1 2 3

aiso [MHz] 12.2

adip � i [MHz] -0.9 -1.2 2.1

Ai[MHz] 11.3 11.0 14.3

lai (-0.70) (0.29) 0.65

lbi (-0.12) (-0.95) 0.29

lci (0.71) (0.12) 0.70

Cys546 c 1 2 3

aiso [MHz] 9.0

adip � i [MHz] -1.7 -1.7 3.4

Ai[MHz] 7.3 7.3 12.4

lai 0.00

lbi -0.42

lci 0.91

Cys546 d 1 2 3

aiso [MHz] 5.6

adip � i [MHz] -1.7 -1.7 3.4

Ai[MHz] 3.9 3.9 9.0

lai -0.20

lbi -0.53

lci 0.82

Table 7.6: Hfc parameters of the exchange-

able hydrogenic species of the hydrogenase

from D. vulgaris Miyazaki F in the Ni-C

state as derived from the simulation of the

HYSCORE spectra (see Section 7.2.4) by

scaling the hfc values of Table 7.8 by the fac-

tor gH � gD = 6.514 (error ∆a
� �

0 � 5 MHz).

The spectra were simulated with the same ad-

ditional parameters like given in Table 7.5.

exch. H 1 2 3

aiso [MHz] -3.9

adip � i [MHz] -7.2 -16.9 24.3

Ai[MHz] -11.1 -20.8 20.2

lai -0.65 0.38 -0.66

lbi -0.70 -0.64 0.31

lci -0.31 0.67 0.68

spectra in a reasonable manner even though the relative intensities of the simulated tensors add in such

a way that the splitting of the lines in the ENDOR traces at g 2.170 - 2.152 is not displayed correctly.

The assignment of the hyperfine couplings to the respective protons is already given in Table 7.5 and

will be discussed below.
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Figure 7.18: Simulation

of the ENDOR transitions

of the H/D exchangeable

hydrogenic species. The

spectra were simulated with

an in-house simulation pro-

gram [78] with the parame-

ters of Table 7.6.
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Discussion. The assignment of the respective protons is supported by experimental results obtained

earlier: EPR measurements on a 33S enriched [NiFe]-hydrogenase from W. succinogenes indicated a

considerable hyperfine interaction with just one 33S nucleus for the Ni-B, Ni-C, and the Ni-L state [181].

This sulfur atom should be located in the direction of the 3dz2 orbital which would then be S-Cys549.

The 77Se hfc splittings found in the [NiFeSe]-hydrogenase are small and the selenocysteine thus binds

to the Ni in a position perpendicular to the 3dz2 orbital [182, 183].

In the case of sufficiently large distances r between the electron spin and the coupling nucleus,

the spatial distribution of the electron can be neglected. Then the point-dipole approximation for two

interacting dipoles can be applied in order to describe the anisotropic part of the hyperfine interaction

and the distances of the protons from the Ni can be calculated with

adip � � βgeβNgN

h
�

ρ
r3

where ρ is the spin density at the Ni. Together with the available direction cosines the coordinates of the

interacting protons could be calculated and were added to the X-ray structure, which is shown in Figure

7.25. According to the hyperfine splitting due to the 61Ni interaction it has already been presumed in

Section 6.1 that the unpaired spin is delocalized to a great extent onto the ligands. Quantum mechanical

calculations indicated that in the Ni-C state only about 60 % of the whole spin density remains at the

Ni [81, 82, 160, 184]. The resulting variation of the distances has been calculated (cf. Table 7.7).
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The extended point dipole approximation has been developed for the assignment of hfc’s consid-

ering multicenter interactions due to two spin carrying centers with differing spin densities [95, 96]. If

one applies this approximation for the calculation of the magnitudes of hfc’s using the X-ray structure

coordinates of the heavy atoms (Ni and S) [24] and the orientation parameters for the protons derived

by MOLDEN7.2f then rough estimates for the spin density distribution on the heavy nuclei are obtained.

The experimental hfc parameters were reproduced satisfactorily with a spin density of � 0.6 - 0.5 at

the Ni and � 0.2 - 0.3 at S-Cys549, and with a spin density of � 0.6 - 0.5 at the Ni and � 0.1 - 0.2 at

S-Cys546. The anisotropic coupling for the proton Cys549b, however, was overestimated by this ap-

proximation. These values reflect the results obtained by DFT calculation quite well [81, 82, 160, 184].

DFT calculations show that 27 % of the atomic spin population is delocalized onto the sulfur atom of

the Cys549 ligand and 10 % onto that of the Cys546 ligand in the Ni-C state [81, 132].

The large isotropic hyperfine couplings measured for the β-CH2 protons also can be explained

by the aforementioned substantial delocalization of spin density onto the sulfur atoms of the cysteine

residues. The given assignment reproduces well the results of DFT calculations. The variation of

the magnitudes of the isotropic hyperfine coupling for the two protons bound to the adjacent carbon

atom is a direct measure for the protons’ dihedral angle with respect to the pπ-orbital at the atom

containing the unpaired electron spin [88]. The angular correlation follows a cosine2 law where the

largest coupling consequently arises from a conformation where the sulfur pπ-orbital is in the H-C-S

plane [88]. For the protons which were assigned to the β-CH2 protons of Cys549 due to the orientation

of the respective dipolar axes the isotropic hyperfine couplings are almost identical. This allows the

estimate for the angles between the C-H bond and the pπ-orbital of the sulfur atom of
�

60
�

. For the

hyperfine couplings which were assigned to the β-CH2 protons of Cys546 two possible orientations are

conceivable. If one assumes an angle of 120
�

between the two protons the dihedral angles for those

protons should be either � 42
� � 162

�

or � 64
� � 56

�

according to the relative magnitudes of the isotropic

hyperfine coupling. One could compare now the results of the considerations made above with the

dihedral angles between the Ni-S-C and the H-C-S planes, the first considered as the direction of the

sulfur pπ-orbital and the latter derived from the results of the simulation of the ENDOR spectra. In

both cases a staggered conformation of the two cysteine β-CH2 protons with respect to the sulfur-nickel

bond is achieved according to the directions of the dipolar axes of the hyperfine couplings (cf. Figure

7.25).

There were still uninterpreted signals with couplings of about 2-3 MHz left, which showed a slight

anisotropy. These signals were not influenced by H/D exchange as the signals do not vanish after the

solvent exchange (cf. Figure 7.16). However, those did not exhibit a marked field dependence which

allowed performing a reliable simulation and obtaining an assignment to a specific nucleus. Only a

rough estimate for the distance from the spin carrying center was derived assuming that the coupling is

7.2fThe deviation between the calculated Euler angles and the dipolar axes determined by simulating the ENDOR spectra is

within the error of the simulation.
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Figure 7.19: (Top) cw-

EPR and simulation ( ����� ).

(Bottom) The simulations

of the ENDOR spec-

tra were performed us-

ing an in-house simula-

tion program [78] with

the parameters for the

β-CH2- protons of the

cysteine residues Cys549

and Cys546 and for the

H/D exchangeable hydro-

genic species given in Ta-

bles 7.5 and 7.6
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Table 7.7: Distances of the pro-

tons from the spin carrying center

(calculated from the hfc parame-

ters of the ENDOR simulation us-

ing the point dipole approxima-

tion) and the angles between the

dipolar axes and the g3 axis.

coupling
�

(g3, adip) r/Å for ρ=1.0-0.6

Cys549 a 40
�

3.3 - 2.8

Cys549 b 59
�

4.2 - 3.5

Cys546 c 90
�

3.6 - 3.0

Cys546 d 76
�

3.6 - 3.0

exchangeable H 81
�

(1.9 - 1.6)

purely anisotropic and the point dipole approximation applies. The minimal distance of a proton being

responsible for the hyperfine coupling would be
�

3.3-4.2 Å.

Müller et al. presented an assignment of the hyperfine interactions in the Ni-C state of the [NiFe]-

and [NiFeSe]-hydrogenase that is quite different from the findings presented in this work even though

the ENDOR spectra displayed hfc transitions that are comparable with those of the D. vulgaris Miyazaki

F hydrogenase concerning their frequency and orientation dependence. The authors based their inter-
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pretation on the observation that two hyperfine tensors of the [NiFeSe]-hydrogenase, one with the sec-

ond and one with the third largest splitting from νH , are shifted with regard to the respective tensors

of the [NiFe]-hydrogenase. They pinned down the g-tensor axes by assuming that the affected hyper-

fine tensors belonged to the β-CH2-protons of the selenocysteine residue. Furthermore, the authors

assigned the ENDOR signal with the strongest coupling to a proton at a terminal cysteine, correspond-

ing to Cys81 of the D. vulgaris Miyazaki F hydrogenase. They obtained a g-tensor orientation that was

tilted by about 30-45
�

compared to the oxidized state (cf. [79,85]). DFT calculations showed that upon

sulfur to selenium substitution the g-tensor orientation indeed remains unchanged as assumed by the

authors [132]. The same calculations found that the substitution leads to small changes in the isotropic

hyperfine coupling parameters (∆aiso � 1 MHz) for the β-CH2-protons at Cys546 but also for one at

Cys549 [132]. It has been shown experimentally [124] and with results from quantum theory [84, 132]

that the Ni-C state of the [NiFe]-hydrogenase also has a formal 3dz2 ground state like the oxidized states

and the g3 axis is retained. Thus, a considerable spin density is located at the bridging sulfur atom of the

Cys549. Accordingly, the largest couplings are expected to be due to the β-CH2-protons of this residue

for the [NiFe] as well as the [NiFeSe]-hydrogenase. Due to similar relative orientations of the dipolar

axes of the hyperfine tensors determined herein and by Müller et al. it is proposed that a respective

rotation of the g-tensor axes would lead to a consistent assignment.

Recently, pulsed ENDOR spectra on a related hydrogenase, the regulatory hydrogenase from R.

eutropha in the Ni-C state have been analyzed in detail [185]. Three hyperfine couplings have been

determined from the ENDOR spectra. It was assumed that the active site of this hydrogenase exhibits

the same orientation of its g-tensor principal axes as the standard [NiFe]-hydrogenase from D. vulgaris

Miyazaki F. Accordingly, two hfc’s (14 and 22 MHz) were associated with the interaction from the

β-CH2 protons of a bridging cysteine residue which correspond to Cys549.

The magnitudes of the hyperfine couplings for the respective β-CH2 protons in the Ni-C state are in

the same range as for the Ni-B state of the D. vulgaris Miyazaki F hydrogenase [125,148] and for the A.

vinosum hydrogenase [157]. ENDOR spectra of the hydrogenase from C. vinosum in the oxidized state

share common features with the spectra recorded in this work. There the larger couplings were assigned

to the β-CH2 protons of the bridging cysteine ( � Cys549) and the smaller, more anisotropic one to a

terminal cysteine residue ( � Cys546, Cys65) [157]. Likewise, the deviation between the orientations

of dipolar axes of the respective states of the D. vulgaris Miyazaki F hydrogenase is smaller than 16
�

.

This compares quite well with the results of X-ray structure analysis where the coordination geometry

of the oxidized state and the reduced state changed by 4
�

for Ni-S bond angles and by 0.08 Å for the

Ni-S distances [24]. Q-band ENDOR studies likewise showed the spectral similarity of the oxidized

and the reduced form with samples form D. gigas [37]. As we know from analysis of the EPR spectra

of the 61Ni labeled enzyme, the spin density distribution at the Ni does not undergo dramatic changes

upon reduction of the enzyme, cf. Chapter 6. EXAFS studies [145, 186] and DFT calculations [81, 83]

came to the same result. These findings further supports the assumption made in the previous chapters
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Figure 7.20: 3-pulse ESEEM

spectra of the Ni-C state of

the hydrogenase from D. vul-

garis Miyazaki F in H2O (top)

and D2O buffer (bottom) at

g2. Experimental conditions:

T = 1.9 K, 324 mT, 9.77 GHz,

π � 2 = 8 ns (H2O), π � 2 = 16

ns (D2O), τ = 120 ns, resolu-

tion 256x64 data points. (*)

Instrumental artifact.
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that the spin density distribution of the active site undergoes only subtle changes upon the reduction to

the Ni-C state.

7.2.3 Results of ESEEM Spectroscopy

Electron spin-echo envelope modulation (ESSEM) spectra of the hydrogenase in the Ni-C state in sam-

ples buffered in H2O and in D2O have been recorded (Figure 7.20). Samples of both either partial

’unsplit’ as well as ’split’ showed an intense echo mainly due to the iron-sulfur cluster which made it

difficult to optimize the pulses in both experiments (3- and 4-pulse ESEEM).

The spectra of Ni-C in H2O exhibited three sharp lines at 0.37, 1.22, 1.60 MHz, and a broader

feature centered at � 4.3 MHz. In D2O transitions at 0.38, 1.21, 1.59 MHz and a broader feature at 2.24

MHz were observed. However, due to the presence of the spin coupled iron-sulfur cluster(s) (see Figure

7.14) the peaks could be adulterated by contributions from this metal cofactor, thus, the interpretation

of the spectra has to be handled with care. The three sharp lines and the broad feature at 4.3 MHz

were attributed to zero-field transitions of nitrogen. H/D exchange introduced large ESEEM signals

in the range of the free deuteron frequency. The presence of exchangeable hydrogenic species in the

Ni-C state is unequivocally confirmed by the signal at 2.24 MHz. The large amplitude and the broad

linewidth of the 2H ESEEM component for Ni-C are probably a result of a large anisotropic contribution

to the Ni-C hyperfine coupling which is indicative of an inner coordination sphere contribution [165].

If one tentatively attributes the values of the sharp transitions to ν0 � ν � , and ν � of one nitrogen,

then one obtains for e2qQ � h � 1 � 88 � 1 � 87 � MHz (error
�

0 � 03 MHz) and for the asymmetry parameter

η � 0 � 39 � 0 � 41 � (error
�

0 � 02 MHz) for the Ni-C state in H2O (D2O) according to Equation (3.24).

These values for e2qQ � h and η are comparable in magnitude to results from the D. gigas hydrogenase

in the Ni-C state [159].
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Figure 7.21: HYSCORE spectra of the hydrogenase from D. vulgaris Miyazaki F in H2O and after

D2O exchange at g2 (B = 325.0 mT). The sharp peaks at the diagonal at 3.9, 7.9, 11.8, 15.7, .. MHz

are spectrometer artifacts. Experimental conditions: 9.7 GHz, T = 3.1 K, π � 2= 16 ns, τ1 = 120 ns, τ2

= 160 ns, τ3 = 200 ns, (addition of three spectra) ∆t1 � ∆t2 = 16 ns, resolution 256*256 data points,

accumulation times ca. 2-5 h, each.

7.2.4 HYSCORE Spectroscopic Investigation of Isotope Labeled Samples

By EPR, ESEEM and ENDOR spectroscopy it has be shown that H/D exchangeable hydrons are present

and some speculations have been made about their locus. However, due to the weak apparent ENDOR

effect of the hydrogenase from D. vulgaris Miyazaki F in the partially ’unsplit’ Ni-C state it was not

possible to gain electronic and structural information about H/D exchangeable hydrons at the active site

with the data presented in the previous sections. 2D-HYSCORE spectroscopy is a tool for disentangling

complicated ESEEM spectra like obtained for the D. vulgaris Miyazaki F hydrogenase in the Ni-C state.

The nuclear spin transitions in the two different mS manifolds are correlated to each other non-diagonal

by cross-peaks and in the case of anisotropic hyperfine interaction ridges are obtained. This way the

contributions of the different interacting nuclei are resolved and, furthermore, the desired structural

information about these nuclei is obtained.
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Proton HYSCORE Spectra. The HYSCORE spectra of the sample in the Ni-C state in H2O exhib-

ited in the (+,+) quadrant ridges at the free proton Larmor frequency, νH , and twice this frequency,

respectively. Furthermore, intense transitions at the free nitrogen Larmor frequency in the (+,+) and in

the (+,-) quadrant are detectable, e � g � at (0.4, � 4.3), (1.2, � 4.3), (1.6,4.3) MHz, (2.0, 3.8) MHz, and at

(
�

1 � 2 ��� 5 � 1) MHz. Along the diagonal more than three zero-field transitions and the double quantum

transitions of nitrogen nuclei emerged due to non-ideality of the pulses at 0.4, 1.2, 1.6, 2.4, and 3.5

MHz.

The ridge at νH is similar to that of the non-exchangeable protons found in Ni-B. It originated from

matrix protons with weak hyperfine couplings aiso
� 2νH [110]. This ridge was slightly broadened in

the Ni-C state with respect to the Ni-B state. However, no further proton signals which were separated

from the matrix ridge akin to the couplings of the proton at the hydroxo group in the Ni-B state or akin

to a stronger coupled proton could be observed.

The intense zero-field transitions and correlations in the nitrogen region of the spectrum were at-

tributed to at least two different 14N nuclei. The single quantum - double quantum (sq-dq) ridges at e � g �

(1.6,4.3) MHz were assigned to the (ν �
� νdq) transition of the interaction with the N(ε) of His88 at the

Ni site due to the high similarity with the features observed in the Ni-B state (see Section 7.1.3). Thus,

the signals at (0.4, � 4.3) and (1.2, � 4.3) correspond to the (ν0 � νdq) and the (ν � � νdq) transitions of this

nitrogen as assumed in Section 7.2.3 leading to e2qQ � h � 1 � 9 MHz and η � 0 � 4.

Further ridges at e � g � (2.0, 3.8) MHz are present in the HYSCORE spectra. It was concluded

that these signals are not related to the [NiFe]-center as in the Ni-A and Ni-B such ridges were not

found. This signal is rather due to a nitrogen at the reduced iron-sulfur cluster(s) of the ’split’ Ni-C

contribution. If the exact cancellation condition holds for this nitrogen, then e2qQ � h � 1 � 9 and η � 0 � 4

could be obtained with the values for the quadrupole transitions at ν0 � 0 � 4 � ν � � 0 � 9 � ν � � 2 � 0 MHz

and νdq � 3 � 8 MHz. These values are in a range that is typical for a weakly coupled histidine nitrogen

[130, 161]. In the vicinity of the proximal [4Fe-4S]
�

-cluster of the small subunit a histidine (His235)

which belongs to the large subunit is found. This residue is in a reasonable distance (N � � � S � 2 � 8 � 3 � 6

Å) to allow hydrogen bonding to the sulfur of Cys17 of the binding motif of this cluster and could thus

be responsible for this signal.

In the (-,+) quadrant further signals were detected at � �
1 � 2 ��� 5 � 1 � MHz that could not be attributed

to any signal occurring in the (+,+) quadrant which then may be indicative for a strongly coupled

nucleus, probably a nitrogen. Such ridges are also absent in the oxidized states. Assuming that this ridge

belongs to a dq-dq transition - even though the first value is rather small - one would yield a hyperfine

coupling of � A � � 3.1 MHz and e2qQ � h � 0.4-0.3 MHz (for η = 0 - 1, respectively). The magnitude

of the hyperfine coupling is in a reasonable range but e2qQ � h value is extremely small. This leaves

the possibility that this signal is due to a sq-dq transition. However, an assignment of other features

in the spectra to the same interacting nitrogen could not be made. Surveying the X-ray structures of

[NiFe]-hydrogenase only one candidate for a strongly coupled nitrogen nucleus comes to question: N(δ)
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of His188 of the small subunit that coordinates the distal [4Fe-4S]-cluster. Here, a binding situation

comparable to the Rieske type cluster is found. These clusters carry two non-sulfur ligands to the ferrous

site [187]. The 14N hyperfine couplings are characterized by a large isotropic contribution indicative for

a covalently bonded nitrogen nucleus [187–189]. The reported quadrupole parameters [187,188] are in

the range commonly found for imidazole ligation [161, 190]. The magnitude of the hyperfine coupling

would support the assignment but the e2qQ � h value is incompatible to such a histidine ligation.

Thus, the additional couplings that are observed in the HYSCORE spectra of the Ni-C state cannot

unequivocally be assigned to either of the two nitrogen nuclei, one weakly coupled and one strongly

coupled or to only one intermediate - strongly coupled nucleus.

Deuteron HYSCORE Spectra. Upon solvent exchange and subsequent reduction of the sample to

Ni-C in the HYSCORE envelope an additional modulation frequency characteristic for a deuteron mod-

ulation could be detected. By means of 2D Fourier transformation, the two dimensional spectrum in

the frequency domain was obtained where new features in the deuteron region (νD
� 2 � 12 MHz) ap-

peared. These were single quantum-double quantum (sq-dq) ridges stretching from 1 to 6 MHz, a partly

obscured single quantum ridge at 2.6 MHz and the corresponding double quantum ridge at 5.2 MHz.

These ridges did not exhibit a resolved splitting due to quadrupole interaction. According to the shape

of the very anisotropic signals these were assigned to an interaction with an exchangeable hydrogenic

species that is very proximate to the active site.

A further dq ridge was detected at 4.3 MHz. The ridge at � 2.2 MHz either could be associated to

the corresponding sq transition or could be attributed to a dq transition of one of the nitrogens.

Besides those features outlined above the spectra of the Ni-C state in D2O were similar to those

in H2O. However, the relaxation properties of the spin system reacted highly sensitive upon solvent

exchange, the 14N couplings are more pronounced in the HYSCORE spectra of the deuterated sample.

Differences in relaxation rates have been observed earlier in ENDOR spectra of hydrogenase (see Sec-

tion 7.1.2, [37, 38]). Due to the weak intensity of the nitrogen signals in the HYSCORE spectra of the

Ni-C state in H2O it was not possible to determine their coupling parameters reliably. For the His88 N(ε)

the quadrupole transitions in the HYSCORE spectra of Ni-C in D2O were ν0 � 0 � 4 � ν � � 1 � 2 � ν � � 1 � 6

MHz and νdq � 4 � 4 MHz, which lead to e2qQ � h � 1 � 9 MHz and η � 0 � 4.

Furthermore, like in the HYSCORE spectra of the enzyme in H2O additional ridges due to the

[4Fe-4S]
�

-clusters of the small subunit were detected in the (+,+) quadrant at (2.0, 3.8) MHz and at

(
�

1 � 2 ��� 5 � 1) MHz in the (-,+) quadrant.

Division of the Time-Traces of the Spectra of Ni-C in D2O and H2O. The nuclear modulation

pattern due to the coupling between the electron spin and the spin of the H/D exchanged deuteron(s)

was extracted from the modulation pattern caused by other nuclei, such as the additional 14N signals of

the iron-sulfur cluster. In principle, envelope division of the spectra, i.e. Vmod � ID � � Vmod � IH � [92, 106],
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Figure 7.22: 2D FFT HYSCORE spectrum obtained by envelope division Vmod
�
ID � � Vmod

�
IH � of the

spectra of Figure 7.21 with τ � 160 ns, accumulation times � 2h, each.

is possible if the product formula given in Equation (3.28) applies. This was done with spectra obtained

at g2 as those contain the maximum information. Due to the presence of further hfc’s of the iron-sulfur

cluster(s), good results are only expected if no solvent exchange effects are induced at these clusters.

The transitions of the very anisotropically coupled hydrogenic species were nicely extracted by this

procedure. The deuteron transitions of the anisotropic coupling were mapped out and even in the proton

region a very weak signal at � 16 MHz now could be observed which is located at a position expected

for the exchangeable hydrogenic species. Nevertheless, residual intensity due to 14N remained. This,

however, was expected: in analogy to the results of Ni-B the magnitudes of the hfc and quadrupole

coupling of the histidine nitrogen nucleus changed upon H/D exchange. Furthermore, intense peaks

persisted at 2.2 MHz and at � νD. However, particularly with regard to the fact that the dq ridge at 4.3

MHz no longer is detectable in the envelope divided spectrum the ridge at 2.25 MHz cannot be assigned

unequivocally to a second H/D exchangeable proton at the active site. The 14N peaks at (2.2,3.8) MHz

and those in the (+,-) quadrant that were attributed to a nitrogen at the iron-sulfur clusters disappeared

completely in the spectra after envelope division. This accounts for nitrogen couplings that are not

directly affected by the H/D exchange and, furthermore, that are not correlated with the active site as

assumed before.

Contributions of the Iron-Sulfur Cluster to the HYSCORE Spectra. The prominent features in

the HYSCORE spectra due to nitrogen couplings contributed by the reduced iron-sulfur clusters have

been discussed before. Furthermore, a solvent exchangeable proton at the iron-sulfur clusters could

be present which then could cause the signal observed at 2.2 MHz and at 4.3 MHz in the HYSCORE

spectra taken at field positions of the Ni-C EPR signal. Accordingly, HYSCORE spectra have been

recorded at 1.96 (355,5 mT) � g2 of the FeS signal of a sample in the Ni-C state buffered H2O and in

D2O. By way of example, a HYSCORE spectrum of the enzyme in D2O is displayed in Figure 7.23.
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Figure 7.23: HYSCORE spectra of the Fe-S clusters of the hydrogenase from D. vulgaris Miyazaki F

in the Ni-C state in D2O at 355.5 mT ( � g2). The sharp peaks at the diagonal at 3.9, 5.2, and 6.6

MHz are spectrometer artifacts. Experimental conditions: 9.7 GHz, T = 3.0 K, π � 2= 16 ns, τ = 160 ns,

∆t1 � ∆t2 = 16 ns, resolution 256*256 data points, accumulation time ca. 1 h.

Upon solvent exchange a peak of notable intensity emerged at ν � 2.3 MHz and an appendant double

quantum peak at 4.7 MHz after H/D solvent exchange.

Besides ridges due to the interaction with deuteron, the spectra taken at g2 of the FeS clusters

exhibited 14N couplings with ν0 � 0 � 62 MHz � ν � � 1 � 35 MHz � ν � � 2 � 9 MHz. If these signals were

from a weakly coupled nitrogen nucleus and the exact cancellation condition is met then estimates

could be obtained for the quadrupole coupling e2qQ � h � 2.8 MHz and for the asymmetry parameter

η � 0 � 44. These are in the range for a histidine-N coupled to a spin carrying center. However, note that

at a lower field value (325 mT) the quadrupole parameters were estimated to be e2qQ � h � 1.9 MHz

and η � 0 � 4. These considerably deviate from those derived at � g2 of the iron-sulfur cluster signal.

Thus, the exact cancellation condition is not met for this nucleus and Equations (3.24) do not apply.

Couplings of a strongly coupled nitrogen are present in the (+,-) quadrant at (
�

1 � 2 ��� 5 � 5) MHz that

showed only little anisotropy. Such features were already described for HYSCORE spectra taken at

323,2 mT (Figure 7.21). Due to the differences in the orientation dependence of the nitrogen signals in

the two quadrants it is suggested that the nitrogen signals observed at a field position of the FeS clusters

are due to two different nuclei.

Simulation of the Large Anisotropic 2H Coupling. In order to gain full information from the spectra

the large hfc in the deuteron region was simulated.

Estimates of the hfc coupling constants of the large coupling have been determined directly from the

spectra as proposed by Pöppl et al. [110]: adip � � 2 � 0
�

0 � 2 � MHz and aiso � � � 0 � 8
�

0 � 2 � MHz. The

error is determined by the resolution of the spectra. Generally, the nuclear quadrupole (nq) interaction
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of the 2H nucleus (I=1) is quite small with respect to the hf and nuclear Zeeman interaction [103]. As

the HYSCORE ridges of the exchangeable proton in Ni-C state of the hydrogenase from D. vulgaris

Miyazaki F did not display an apparent quadrupole splitting it was assumed that it must be smaller than

the observed line-width and was therefore not considered in the simulation presented here.

Before starting the simulation, more information about the nature and the number of the hydrogenic

ligands at the nickel site is required. In principle the following possibilities have to be considered:

either the substrate hydrogen is bound as η2-H2 in the Ni-C state, or the product of cleavage, a hydride

and a proton are present at the active site, or only one of the reaction products (a proton or a hydride)

still resides in the Ni-C state. The narrow form of the ridges clearly shows that only one hydrogenic

species with such a large hyperfine coupling is bound to the nickel. η2-H2 as a ligand to the active

site can safely be excluded for the Ni-C state. The four basic cysteinate ligands at the Ni site favor

back-bonding. This effect renders the occurrence of such an intermediate product impossible because

the H2 � σ � � orbital is antibonding in character [191, 192].

Due to the large anisotropy of the signals and a comparatively small isotropic contribution it was

assumed that this nucleus should be located in the g1 � g2 plane perpendicular to the direction of the 3dz2

orbital. A paramagnetic nucleus in the direction of the 3dz2 orbital would lead to a substantial spin

density at this nucleus and accordingly to an extremely large hfc for both, the isotropic as well as for

the anisotropic part. Thus, as a starting point for the simulation the hydrogenic species was assumed to

be located perpendicular to the axis of the dz2 orbital. This has already been discussed in Chapter 5 and

was also suggested by Fan et al. [37].

First, an orientation of the deuterium near to the g2 axis was chosen which would suggest a proto-

nation of a sulfur atom of one cysteine residue (Cys546/Cys84). This did not lead to an agreement with

the experimental data. Then, an orientation near to the g1 axis was used. The simulations displayed the

shape of the ridges far better. Thus, the initial magnitudes of the isotropic and dipolar coupling were

varied until the shape of the spectra was reproduced satisfactorily well by the simulation. Then the Euler

angles were further refined. As one can see from Figure 7.24 the HYSCORE spectra taken at g2 which

represent a well defined subset of molecular orientations contain a maximum of information about the

hyperfine coupling. The simulation of the spectrum at g2 yielded the orientation of the dipolar axis and

that of the spectra at g1 and g3 helped to determine the orientation of the remaining two hyperfine tensor

axes. If those, for example, are oriented incorrectly e.g. if they are interchanged, then the simulation

would yield at the field position of g1 the spectrum for the field position at g3 and vice-versa. The errors

were estimated to be
�

0.1 MHz for the deuteron hfc’s and about 10
�

for the Euler angles. The resulting

spectra and the values used to generate those are given in Figure 7.24 and Table 7.8, respectively. In the

proton region, the respective HYSCORE ridge for the exchangeable hydrogenic species would extend

to � (4,24) MHz (Table 7.6). Due to its extension it is, however, of quite low intensity with respect to

the other ridges. This explains why it has not been detected in the HYSCORE spectra of the sample in

H2O.
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Figure 7.24: HYSCORE spectra of the hydrogenase from D. vulgaris Miyazaki F after D2O exchange

at g1, B = 318.5 mT (top), g2, B = 325.0 mT (middle), and g3, B = 344.3 mT (bottom) and simulations

of the deuteron region with the parameters given in Table 7.8 and gi = 2.198, 2.146, 2.010, Wi = 1.35

mT, 1.54 mT, 1.43 mT τ3 = 200 ns . Experimental conditions: 9.7 GHz, T = 3.1 K, π � 2= 16 ns, τ1 =

120 ns, τ2 = 160 ns, τ3 = 200 ns, (addition of three spectra) ∆t1 � ∆t2 = 16 ns, resolution 256*256 data

points, accumulation times ca. 2-10 h, each.
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Table 7.8: Comparison of the hf couplings of the hydrogenase from D. vulgaris Miyazaki F and of the

regulatory hydrogenase from R. eutropha [130] as obtained by simulation of the HYSCORE spectra of

the D2O exchanged samples and by the simulation of the ENDOR spectra in H2O/D2O (and division

by the factor of gN
� 1H � � gN

� 2H � � 6 � 514), respectively. Ai:A tensor principal values (i � 1 � 2 � 3), lki:

direction cosines of the principal axes (i � 1 � 2 � 3) in the crystal axes system (k � a � b � c) for the X-ray

structure described in the PDB-entry 1H2R. (Estimated errors: ∆Ai �
�

0 � 1MHz, Euler angles:
�

10
�
)

D. vulgaris

exchangeable H 1 2 3

aiso [MHz] -0.6

adip � i [MHz] -1.1 -2.6 3.7

Ai[MHz] -1.7 -3.2 3.1

lai -0.65 0.38 -0.66

lbi -0.70 -0.64 0.31

lci -0.31 0.67 0.68

R. eutropha [130]

exchangeable H 1 2 3

aiso [MHz] -0.54

adip � i [MHz] -1.13 -2.23 3.36

Ai[MHz] -1.66 -2.76 2.82

lai -0.54 0.55 -0.63

lbi -0.81 -0.55 0.21

lci -0.23 0.63 0.74

The introduction of a quadrupole interaction on the simulated spectra has been investigated, too.

Simulations with e2qQ � h of up to � 0.15 MHz yielded comparable spectra like in Figure 7.24 with

only slightly split ridges and decreased intensity of the double quantum peak with respect to the single

quantum peak. However, the overall shape did not change much. Thus, the quadrupole splitting of the

Ni-C state of the D. vulgaris Miyazaki F hydrogenase if present should be smaller than P � 0 � 07 MHz.

However, as no obvious ridge splitting was observed a possible quadrupole interaction was neglected

in the simulations presented in this work.

The Second H/D Exchangeable Hyperfine Coupling. A second but smaller coupling is observed in

the deuteron region of the HYSCORE spectra. A ridge at 2.2 MHz and the respective double quantum

peak at 4.3 MHz at g2 of the Ni-C signal emerges upon H/D solvent exchange. As stated above, this

signal cannot be assigned unequivocally to the Ni-C state as the samples always contained a certain

amount of ’split’ Ni-C where signals of the spin-coupled iron-sulfur cluster contribute. And as stated

above, the HYSCORE spectra of the iron-sulfur cluster after H/D exchange display similar features, as

well. Furthermore, it cannot be decided whether it may originate from a deuteron or from a nitrogen

coupling. Thus, the question arises where does that coupling comes from. On the one hand it could be

possible that a further H/D exchangeable hydron is located in the proximity of the Ni site. Several can-

didates have been proposed: A water or hydroxide species associated with the active site was suggested

by Fan et al. [37]. However, neither of the X-ray structures obtained later could identify such a solvent

molecule in the vicinity of the [NiFe]-cluster [23–25]. A protonated sulfur atom at the active site was
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proposed by various DFT studies (for an overview see [83]). The heterolytic cleavage of H2 molecules

demands the presence of a nearby base [191,192] which is supposed to be a sulfur of a cysteinate. Or, as

another possibility, a proton at the His88 N(ε) forming the hydrogen bridge to Cys549 [131] is solvent

accessible and H/D exchangeable and thus would lead to the ridges in the HYSCORE spectra.

The displacement from νD of these ridges was tentatively simulated with hyperfine parameters

aiso � 0.3 MHz and adip � 0.6 MHz. It was verified by simulations of the EPR spectra of the Ni-C state

in H2O and D2O whether a resolved hyperfine splitting would be observed for the Ni-C state like it has

been found for the H/D exchangeable hydron in the Ni-B state. In this state already the EPR spectra

displayed a hyperfine splitting that varied considerably upon solvent exchange which was attributed to a

H/D solvent exchangeable hydron (cf. Section 7.1.1). Using the hfc parameters derived in the previous

analyses (Tables 7.5 and 7.6) together with the hfc parameters of a second H/D exchangeable hydron

mentioned above and an intrinsic isotropic linewidth of 0.2 mT the EPR spectra displayed the expected

narrowing of the linewidths at all three canonical orientations. However, the hyperfine structure at these

orientations was not resolved in the simulated spectra and changes upon solvent exchange were small

compared to the Ni-B state. Note that the g1 � g2-tensor axes are interchanged upon conversion to the

reduced state. And indeed, the experiment showed as well that a splitting of the EPR lines of the Ni-C

state analogous to the Ni-B state could not be observed under comparable experimental conditions.

Thus, these considerations did not solve the problem.

These frequency positions could be reproduced by simulation with good agreement with the spec-

tra with the same set of hyperfine parameters like for Ni-C (aiso � 0.3 MHz and adip � 0.6 MHz)

but with the g-values attributed to the proximal [4Fe-4S]
�

-cluster (gi = 1.860,1.915,2.137) derived by

Guigliarelli et al. [74]. Thus, the data indicate that the ridge at � 4.3 MHz which is observed in the

spectra at positions of the Ni-C envelope and that of the iron-sulfur cluster probably does not solely

result from the Ni site.

Discussion. By simulating the large anisotropic coupling present in the HYSCORE spectra of the Ni-

C state the location of the hydrogenic species in the active site was determined. The direction cosines

leave two possibilities of the location of the H/D exchangeable hydrogenic species. It is either bound

in the bridging position between the nickel and the iron or, less probable, it is a ligand to the sulfur of

Cys81. The magnitude of the anisotropic hyperfine coupling according to Equation (3.9) yields a bond

distance which is too short to be in accordance with a protonation of a sulfur. Thus, a hydride in the

bridge has been favored and the respective coordinates have been added to the X-ray structure of the

enzyme in the reduced state [24] which is displayed in Figure 7.25. This assignment is in agreement

with the results of various DFT calculations [81, 82, 170].

The spectra have been simulated without considering any quadrupole interaction. It is however, gen-

erally assumed that, in X-2H bonds, there is a characteristic value for the static deuterium quadrupole

coupling constant. In the hydrogen molecule, for instance, the quadrupole coupling constant is 0.225
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Figure 7.25: Stereo view of the proton positions (blue) in the X-ray structure of the reduced hydro-

genase from D. vulgaris Miyazaki F [24] (PDB entry 1H2R) which were determined by simulation of

ENDOR (Table 7.5) and HYSCORE (Table 7.8) spectra assuming 100 % spin density at the Ni. The

blue arrows indicate the orientation of the hyperfine tensor axes of the H/D exchangeable hydrogenic

species scaled by the magnitudes of the principal values of the hfc tensor.

MHz [193]. However, upon binding of hydrogen to a metal, the deuterium quadrupole coupling con-

stant is decreased considerably, values in the range of 0.02 - 0.05 MHz have been reported for metal-

hydrides [193,194]. This is expected as the quadrupole interaction is a function of internuclear distance

(cf. Equation (3.16)) and upon metal-hydride bond formation starting from hydrogen the internuclear

distance is considerably increased. In the literature, a splitting due to quadrupole interaction in the 2H-

ENDOR spectra of hydrogenases was not observed for the T. roseopersicina hydrogenase [38]. How-

ever, for the D. gigas hydrogenase the quadrupole splitting of the 2H-ENDOR transition was reported

to be e2qQ � h � 0.27 MHz at g1 [37].

Comparable studies on a related hydrogenase, the regulatory hydrogenase (RH) from R. eutropha,

also found an exchangeable hydrogenic species [185]. The HYSCORE spectra of this species are

very similar to those presented here with respect to the contribution of the large deuteron coupling.

However, in these spectra only the contribution of this large 2H coupling is observed. This is due to the

fact that in this enzyme the residue at the position corresponding to His88 in the D. vulgaris Miyazaki

F hydrogenase is replaced by a glutamine. This amino acid carries a side chain nitrogen nucleus that

shows no interaction with the electron spin at the Ni center. Comparison of the hyperfine coupling

constants derived in this work by simulation of the HYSCORE spectra with the values determined by

simulation of orientation selected ENDOR spectra (Table 7.8) [185] shows that the isotropic hfc is of

the same order of magnitude within the error. However, the anisotropic hfc is slightly larger for the

D. vulgaris Miyazaki F hydrogenase. The orientation of the dipolar axis of this hyperfine coupling
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has been determined under the assumption that the active site of the RH possesses a similar g-tensor

orientation as the standard D. vulgaris Miyazaki F hydrogenase. The deviation between the dipolar

axes of the deuteron couplings in the two hydrogenases is 7
�

if this assumption holds. To conclude,

the H/D exchangeable deuteron in the Ni-C state of the D. vulgaris Miyazaki F hydrogenase displays

highly similar spectroscopic properties compared to the RH in R. eutropha but due to the smaller value

of adip the bond distance could be slightly shorter in the standard hydrogenase.3 � 1a

Fan et al. simulated EPR spectra of the D2O exchanged Ni-C species with one exchangeable

proton with hfc’s with the magnitude A=
�
15,22,25 � MHz. The relative signs were proposed to be

A=
�
15,-22,-25 � MHz leading to an aiso

� -11 MHz. However, comparing their results with those of

this work the following assignment is proposed: A=
�
-15,-22,25 � MHz and a iso = - 4 MHz which then

is quite similar to the magnitudes of the hfc derived in this work (see also Table 7.6). Fan et al. calcu-

lated a Ni-H distance of r
�

1 � 5 Å.3 � 1a The metal-hydride distance would be slightly larger with 1.9 -

1.6 Å (Table 7.7) using the assignment proposed above and would then be in the same range as for the

D. vulgaris Miyazaki F hydrogenase.

7.2.5 Conclusion and Outlook

In this Section it was demonstrated that information about the distance and locus of protons in the

surrounding of the Ni center can be obtained by applying both, orientation selected ENDOR and

HYSCORE spectroscopy on frozen solutions. Knowing the g-tensor orientation, which has been deter-

mined by EPR studies of hydrogenase single crystals (see Chapter 5) was a prerequisite.

The detection of H/D-exchangeable deuteron HYSCORE signals in the Ni-C state of hydrogenase

provided for the first time direct experimental evidence for the presence and the locus of a hydrogenic

species - most probable a hydride [81, 82, 160] - at the Ni site of a standard [NiFe]-hydrogenase. This

hydride was found to be directly bound at the bridging position between the iron and the nickel (see

Figure 7.25), the position where the hydroxo ligand was bound in the oxidized state [23,25]. This result

has been compared to earlier investigations on a related system, the regulatory hydrogenase (RH) from

R. eutropha. In contrast to the standard D. vulgaris Miyazaki F hydrogenase this enzyme is catalytically

inactive [171]. It was shown by means of HYSCORE spectroscopy that the assumption that the g-tensor

of the RH is similarly oriented basically is correct. Its hydride thus is similarly bound to the active site

as in the D. vulgaris Miyazaki F hydrogenase.

From orientation selected ENDOR the complete hyperfine coupling tensors for four distinct pro-

tons of the Ni-C state of the hydrogenase from D. vulgaris Miyazaki F were determined. These four

couplings were attributed to β-CH2 protons of the cysteine residues at the active site, to the bridging

cysteine residue Cys549 and the terminal one, Cys546. The magnitudes of the hf couplings have been

shown to be in a range comparable to the Ni-B state of this enzyme [125, 148] which indicated that the

electron spin distribution was not changed to a large extent upon reduction of the enzyme to the Ni-C

state. This has been already anticipated by previous 61Ni hyperfine coupling and g-tensor analyses.
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Applying the extended point dipole approximation [95, 96] spin densities of 0.6 - 0.5 at the Ni, of 0.2

- 0.3 at S-Cys549, and of 0.1 - 0.2 at S-Cys546 were estimated for the Ni-C state by comparing the

calculated hfc values to the magnitudes of adip obtained by the simulation of the spectra.

Furthermore, in the HYSCORE spectra of the D. vulgaris Miyazaki F hydrogenase nitrogen cou-

plings have been detected. These were assigned to the N(ε) of His88 which is in the vicinity of the

active site and were attributed to nitrogen hyperfine couplings associated to the spin coupled iron-sulfur

clusters. The additional nitrogen couplings observed in the (+,-) quadrant of the HYSCORE spectra

indicated that the broad EPR signals in the ’split’ Ni-C state were not only due to the proximal but also

due to the distal cluster. Earlier simulations of the EPR spectra of the ’split’ Ni-C state could reproduce

the spectral features with good agreement by considering the proximal cluster as the main constituent

of the spin-spin interaction with the [NiFe]-cluster [74, 134, 173]. The results presented here indicate

that the broad EPR signal is due to the coupling of all iron-sulfur clusters. However, the cofactors of

the small subunit need to be further investigated. If the relaxation rates of these clusters are different

then pulse EPR would offer the opportunity to select the echoes e � g � by their respective longitudinal

relaxation time T1 applying appropriately spaced pulses [92].

A second double quantum ridge (at 4.3 MHz) was found in the HYSCORE spectra the origin of

which could not be elucidated due to spectral overlap of deuteron and nitrogen couplings. More infor-

mation about the origin of this ridge would be obtained by isotope labeling studies. An 15N labeling

would shift the nitrogen couplings by a factor of � g � 15N � � g � 14N � � � 1 � 403 being sufficient to distinguish

whether the ridge at 4.3 MHz (and the corresponding single quantum transition at 2.2 MHz) is due to

a second hydron present at the active site as proposed by Fan et al. [37] or due to a nitrogen double

quantum transition attributable either to the active site or to one of the iron-sulfur clusters.

In the structure of the active site and its protein environment numerous sites exist where such a

hydron potentially could bind. With the investigations proposed above valuable information about the

location of the proton obtained after the heterolytic hydrogen cleavage to H
� �

H
�

could be obtained.
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7.3 The Light Induced State Ni-L

Light sensitivity of the Ni-C state in frozen samples has been discovered for many [NiFe] hydrogenases

from different bacteria and appears to be a general property of this state [38,52,60,72,175,195,196]. As

first demonstrated for the A. vinosum hydrogenase by Van der Zwaan et al. [60], the enzyme undergoes

a photoconversion at 77 K to a new species called Ni-L. The conversion to Ni-L has been found to be

virtually quantitative compared to the EPR signal intensity of Ni-C [38]. For this new signal, unlike

the Ni-A, Ni-B, and Ni-C signals, the lowest g-value is considerably larger than ge. Upon illumination

at lower temperatures further Ni-L type signals emerge in some hydrogenases [60, 71, 72, 130]. Up

to three different types of light induced states have been reported so far. These were denominated

Ni-L1, obtained at temperatures below � 30 K and Ni-L2, the form obtained at 77 K [60, 71, 130,

134, 181]. In some samples a third form called Ni-L3 has been found at temperatures below 40 K

in the D. gigas and the Desulfomicrobium (Dm.) baculatum hydrogenases [72].7.3a A further form

emerging upon annealing the illuminated reduced regulatory hydrogenase from R. eutropha at 200K

was reported, termed Ni-LA [130]. The presence of various Ni-L species with different characteristic

g-values indicates that the photoreaction of the Ni-C species has several energy minima. In transition

metal hydrides, a photodissociation of the hydride ligand takes place at wave-length of about 500 nm

[197]. For the Ni-C to Ni-L photoconversion of the D. vulgaris Miyazaki F hydrogenase this wavelength

has been determined to 600 nm (Caroline Fichtner, personal communication). However, the conversion

spectrum exhibits several maxima and is quite broad. All these findings indicate that the photoreaction

of the Ni-C state is not a simple process and that it likely involves several rearrangements in the first

coordination sphere of the Ni center.

Q-band 1H- and 2H-ENDOR studies at the respective field values of g2 of the Ni-C and Ni-L state

of the hydrogenase from Thiocapsa (T.) roseopersicina found that the large hyperfine coupling of about

20 MHz present in the Ni-C state was eliminated upon light exposure. However, the photochemical

process also involves a decrease of the other H/D non-exchangeable protons [38]. This was recently

confirmed by an ENDOR study on a related hydrogenase, the regulatory hydrogenase from R. eutropha

[130]. These results led to the suggestion that a hydrogenic species must be involved in this process

and it was assumed that a cleavage of the respective hydron(s) is responsible for the narrowing of the

hfc’s. However, XAS studies did not indicate a change of the ligand sphere nor the possibility of a

redox process at the Ni site upon illumination [38]. Dole et al. investigated the spin-spin interaction

of the Ni center in the reduced state with the reduced FeS centers. In this detailed study it was found

that the overall spin-coupling is significantly weakened. In the Ni-L state the splitting was only due

to dipolar contributions and the exchange interaction was completely canceled [134]. Furthermore, it

was suggested by the authors that the proton involved in the photoconversion process was not directly

7.3aThe respective principal g-values for Ni-L1 are gi
� 2.26, 2.11, 2.04 [71, 72]; for Ni-L2 gi

� 2.29, 2.12, 2.05 [8, 71, 72];

and for Ni-L3 gi
� 2.4(8), 2.1(6), 2.0(3) [72]
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Figure 7.26: EPR spectra of the Ni-L

state of the hydrogenase from D. vul-

garis Miyazaki F in H2O (top), D2O

(middle) at X- and in H2O (bottom) at

Q-band frequencies. ( ��� � ) Simulation of

the spectra using an in-house simula-

tion program [121]. (*) contributions

of Ni-C.7 � 3b Experimental conditions: T

= 40 K, 9.44 GHz, 1 mW microwave

power, 0.28 mT modulation amplitude

(X-band). T = 40 K, 33.998 GHz, 0.42

mW, 1.1 mT mod. amplitude.
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bound to the Ni-atom [134].

Nevertheless, the light sensitivity of the Ni-C state together with the pronounced isotope effect and

the disappearance of the large hyperfine coupling contributed indications that hydrogen was binding to

the active site during the catalytic process of the enzyme [38, 60, 72, 175].

Still, the question needs to be solved where a hydrogen is cleaved off in standard [NiFe]-hydrogenases

and what kind of changes the active site undergoes upon illumination yielding such distinct EPR prop-

erties significant for the Ni-L states. Here, the following nomenclature for the D. vulgaris Miyazaki F

hydrogenase was chosen: Ni-L1 for the low temperature form and Ni-L instead of Ni-L2 for the ’high’

temperature form. The latter form it is present in the whole temperature range (2 to � 120 K) and

mostly this state has been discussed in the literature so far.

In the previous Section the position of a H/D exchangeable hydron has been determined. It is di-

rectly bound in the bridging position between the Ni and the Fe. Thus, if this proton would be cleaved

off by light it should be possible to study the resulting product of this process by means of ENDOR and

HYSCORE spectroscopy with the aim of elucidating its electronic and structural parameters. DFT cal-

culations predicted a change in the electron spin density distribution on the Ni center and on the cysteine

ligands upon conversion from Ni-C to Ni-L [125]. However, this has not been proven experimentally

yet. This question can be answered by means of orientation selected ENDOR spectroscopy.

7.3.1 EPR Spectroscopic Characterization of the Ni-L State.

Samples of D. vulgaris Miyazaki F hydrogenase have been illuminated with white light at 77 K yielding

Ni-L with principal g-values similar to signals reported before.7 � 3a In Figure 7.26 X- and Q-band EPR
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Table 7.9: g-tensor principal values of the Ni-L state of the hydrogenase from D. vulgaris Miyazaki

F determined by simulation of the EPR spectra of Figure 7.26 using the in-house simulation program

[121]. (∆g(X-band)
�

0 � 003, ∆g(Q-band)
�

0 � 001, ∆ W
�

0.2 mT).

g-values linewidth [mT]

Ni-L H2O X-band 2.299 2.112 2.048 0.9 0.8 0.6

Q-band 2.2992 2.1205 2.0484 2.9 1.2 (0.2)

D2O X-band 2.299 2.112 2.049 0.9 0.8 0.6

spectra of the hydrogenase from D. vulgaris Miyazaki F are depicted.7.3b The spectra were simulated

with the parameters given in Table 7.9. The EPR linewidths are substantially smaller than in Ni-C

state. Similarly, like in Ni-C g-strain was observed which is most pronounced at g1. In contrast to that

state the D2O exchanged sample showed no line narrowing effect within the error of the simulation.

This already indicated that the hydron responsible for the large H/D coupling should be absent in the

Ni-L state. A large difference in the kinetics of the Ni-C � Ni-L conversion was detected between

the samples in H2O and D2O. The reaction was slower by a factor of 60 in the deuterated sample.

Integration of the EPR signals showed that both, the photoconversion to Ni-L and the annealing at

temperatures T � 120 K back to Ni-C were quantitative within the error.

Illumination of the D. vulgaris Miyazaki F hydrogenase at temperatures lower than � 45 K yielded

a second Ni-L state. The apparent g-values (gi � 2.28, 2.11, 2.04) were comparable to the Ni-L1

state that was also observed in other [NiFe]-hydrogenases, see Figure 7.26. However, Ni-L1 was only

obtained as a small admixture to Ni-L in a limited temperature range. This signal was fully converted

to the Ni-L state upon annealing at temperatures higher than 50 K according to the results of spectra

integration. A third Ni-L state like that found in the hydrogenase from D. gigas or from Dm. baculatum

has not been detected so far.

Like the Ni-C signal, the Ni-L signal was split by spin-spin interactions with nearby paramagnetic

centers, the [4Fe-4S]
�

-clusters, see Figure 7.27. The splitting of the three components of Ni-L was

determined from the spectra: 1.6/1.52, 3.4/3.44, 2.1/2.54 mT at X- and Q-band frequencies for g1 � g2 � g3,

respectively. For the EPR signals of Ni-L1 a splitting of about 3.2 mT was only observed at g1 the

other signal appeared to be broadened. Accurate information about the exchange and dipolar splittings

have been obtained earlier by measurements at multiple frequencies and complex simulations with the

hydrogenase from D. gigas [134]. The magnitudes of the splitting in the Ni-L state of the hydrogenase

from D. vulgaris Miyazaki F were highly similar to those observed in D. gigas. This indicated that the

spin-spin interactions of the Ni-L states of this hydrogenase are quite well described by the picture of

7.3bIn the Q-band spectra a high fraction of the enzyme converted back to the Ni-C state due to the unavoidable warming of

the sample upon introduction of the sample tube into the resonator.
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Figure 7.27: Splitting of the EPR spectra of

Ni-L and Ni-L1 at X- and at Q-band frequen-

cies. At X-band: (a) Ni-L1 and Ni-L upon il-

lumination at 7 K, (b) Ni-L1 obtained by sub-

tracting spectra a and c, (c) Ni-L obtained after

annealing the sample for 10’ at 50 K, (d) Q-

band spectrum of Ni-L and Ni-C. (*) contribu-

tions of Ni-C to the spectrum.7 � 3b Experimen-

tal conditions: T = 7 K, 9.59 GHz, 1 mW mi-

crowave power, 0.5 mT modulation amplitude

(X-band). T = 5 K, 33.995 GHz, 0.04 mW, 1.1

mT mod. amplitude.
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Dole et. al. Upon conversion from the Ni-C state the exchange coupling disappeared completely for

both, the Ni-L and the Ni-L1 state [134]. Like Ni-C the Ni-L state showed a pronounced temperature

dependence. At low temperatures a ’split’ Ni-L signal was obtained, see Figure 7.27. The splitting of the

EPR signal broadened out as the temperature was raised with a slightly more pronounced broadening

at g1 (data not shown). The splitting averaged out completely at temperatures higher than 35-40 K and

the maximum signal intensity of ’unsplit’ Ni-L was obtained at 40 K (data not shown). At temperatures

between 40 and 120 K the shape of the spectrum did not change anymore. If the temperature was raised

above 120 K slowly Ni-C reemerged.

7.3.2 ENDOR Spectroscopic Investigation of the Ni-L State

ENDOR Spectra of the D. vulgaris Miyazaki F Hydrogenase. The H2 reduced and illuminated

samples of D. vulgaris Miyazaki F in the partial ’unsplit’ Ni-L state (cf. Figure 7.14) exhibited an even

weaker apparent ENDOR effect than the Ni-C state. Nevertheless, it was possible to record orientation

selected cw-ENDOR spectra of the Ni-L state obtained by photoconversion of Ni-C at 77K. The spectra

were taken at 25 K, a temperature where the contribution of the spin coupled iron-sulfur cluster(s) are

averaged out to a large extent. These spectra are depicted in Figure 7.28.

The most prominent difference between the spectra of Ni-L compared to Ni-C was a considerable
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Figure 7.28: (Black) cw-ENDOR spectra of the Ni-L state of the hydrogenase from D. vulgaris

Miyazaki F. (Magenta) Simulation of the β-CH2 protons of the cysteine residues of the active site

with the parameters given in Table 7.12. Experimental conditions: X-band ENDOR, 9.5 GHz, T = 25

K, microwave power 30 mW, rf frequency modulation 12.5 kHz (amplitude 200 kHz), rf power 150 W.

Accumulation times: 6-17h, each.

narrowing of the observed hyperfine couplings. Whereas in Ni-C the largest coupling stretched up

to a value of about � 19 MHz in Ni-L only a maximum value of � 11 MHz was detected. This

observation is in accordance with the line narrowing of the EPR linewidths upon illumination. Like in

the ENDOR spectra of Ni-C, the Ni-L spectra were dominated by the intense matrix peak. It showed

additional hyperfine structure at some field positions and some signals of weakly coupled proton(s)

exhibiting small anisotropy and hence just a weak orientation dependence. The hfc tensors in the Ni-

L ENDOR spectra were spaced symmetrically with respect to the free proton frequency but are less

separated than in Ni-C. In general, the lines at ν
�

are more intense than those at ν �
as observed in

the spectra of Ni-C (not shown). Two different areas of hyperfine couplings could be distinguished, up

to about 11 MHz and 7-8 MHz, respectively. However, the unfavorable signal to noise ratio and the

significant overlap of the hyperfine tensors prevented performing a direct and reliable simulation of the

spectra without any further information about the nature of the Ni-L state. Earlier results obtained in

this work showed that the spectroscopic properties of the Ni-L state differ from that of the other states
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R. eutropha Cys60–(X) � –Cys63–(X) ����� –Cys479–(X) � –Cys482

D. vulgaris Miyazaki F Cys81–(X) � –Cys84–(X) ����� –Cys546–(X) � –Cys549

Figure 7.29: Numbering of the cysteine residues that corrdinate the active sites of the RH from R.

eutropha and of the standard hydrogenade from D. vulgaris Miyazaki F. Xi denotes the number of

residues between the respective cysteines.

investigated so far. The 61Ni hyperfine coupling is no longer largest along the g3 component associated

with the main part of the unpaired spin density in a 3dz2 orbital but along g1 (cf. Section 6). A formal

oxidation state of Ni(I) is obtained in the Ni-L state. The g-tensor orientation, however, is maintained

as a first approximation with respect to the Ni-C state [124]. However, the hyperfine coupling tensors

could deviate from those determined for the Ni-B and Ni-C states as the spin density distribution at

the active site ligands might have changed. Nevertheless, these difficulties have been circumvented by

deriving initial orientation parameters from ENDOR spectra of a related hydrogenase, the regulatory

hydrogenase from R. eutropha. Due to better resolution of the hyperfine tensors and a favorable signal

to noise ratio the spectra of the RH have been easier to interpret. This will be demonstrated in the

following.

The Regulatory Hydrogenase from R. eutropha. A related system, the regulatory hydrogenase (RH)

from R. eutropha has been investigated in its light induced states. It has been shown earlier that the

regulatory hydrogenase displays a highly similar composition and geometry of the active site itself,

which allowed in a first step to utilize this sample as a model for the standard [NiFe]-hydrogenase even

though its function is different from standard [NiFe]-hydrogenases [171, 172, 198].

According to the binding motifs found in the amino acid sequence of this hydrogenase, the medial

[3Fe-4S] cluster is replaced by a [4Fe-4S]-cluster [172]. Its lower midpoint potential keeps the three

iron-sulfur clusters oxidized while the [NiFe]-center is reduced. This effect leads to a system that is

spectroscopically easier accessible as no spin coupling is observed in the Ni-C and Ni-L state. The pres-

ence of a reduced fast relaxing iron-sulfur cluster in the close proximity of the active site would lead to

increased relaxation rates for the [NiFe] center and would thus prevent the application of advanced EPR

techniques. Hence, these states show an increased apparent ENDOR effect with respect to the reduced

states of the D. vulgaris Miyazaki F standard [NiFe]-hydrogenase. The protein environment around

the active site of the regulatory hydrogenase from R. eutropha bears some modifications with regard

to the standard hydrogenases [172]. However, these dissimilarities in the cofactor environment do not

lead to a pronounced difference of spectroscopical properties compared to standard hydrogenases, like

g-values or IR absorption bands [130, 171, 185], and thus allows a direct comparison of these hydro-

genases. Accordingly, in the Ni-C state somewhat altered magnitudes of the hfc’s with respect to the

results for the hydrogenase from D. vulgaris Miyazaki F have been observed but the orientations of the

dipolar axes with respect to the g-tensor axes are highly similar (cf. Section 7.2 and [185]).
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Figure 7.30: Orientation selected Davies pulse ENDOR spectra [130] (black) and the simulation (ma-

genta) of the Ni-LA state of the RH from R. eutropha (this work). The spectra represent a mixture of two

species, Ni-LA (75 %) with about 25 % Ni-C. Hfc’s due to contributions of the Ni-C state are indicated

by an asterisk. The simulation were obtained with the parameters of Table 7.10 and considered only the

contributions of the Ni-LA state to the spectra. Experimental conditions: T= 5 K, 9.72 GHz, modified

Davies ENDOR pulse sequence (cf. Chapter 3.2), π = 96 ns, πtrans f = 16 ns, πr f = 8 µs, repetition rate

100 Hz, accumulation times up to 15 h, each.

In the regulatory hydrogenase two light induced states have been observed, so far. In samples

illuminated at 77K a Ni-L state (gi = 2.251, 2.094, 2.046; Wi = 1.0, 1.1, 1.1 mT) is obtained with

an admixture of a second Ni-L state, here termed Ni-LA (gi = 2.305, 2.077, 2.054; Wi = 1.5, 1.0, 1.2

mT) [130]. The Ni-L state can be transfered to the Ni-LA state by annealing the sample at 200 K

whereby the Ni-LA constitutes an intermediate state between the Ni-L and Ni-C state. Thus, spectra of

the Ni-LA state always contain a contribution of Ni-C [130].

ENDOR spectra of the Ni-LA State of the R. eutropha Regulatory Hydrogenase. The orientation

selected pulse ENDOR spectra of the Ni-LA state are depicted in Figure 7.30. In the ENDOR spectra of
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Table 7.10: Simulation parameters for the hfc’s of the Ni-LA state of the RH from R. eutropha. These

were assigned to β-CH2 protons of the cysteine residues at the active site (see text). For better compar-

ison, the D. vulgaris Miyazaki F numbering was adopted, see Figure 7.29 and Table 7.5. Ai:A tensor

principal values (i � 1 � 2 � 3), lki: direction cosines of the hyperfine tensor principal axes (i � 1 � 2 � 3)

in the Ni-LA g-tensor principal axes system (k � u � v � w) and in the crystal axes system of the hydro-

genase from D. vulgaris Miyazaki F (k � a � b � c, PDB-entry 1H2R). The spectra were simulated with

the following additional parameters for Ni-LA: gi=2.305, 2.077, 2.054 (error
�

0 � 003), EPR linewidth

1.2 mT [130]; microwave frequency 9.720 GHz, ENDOR linewidth 0.25 MHz. (Estimated errors: Ai
�

0.1-0.05 MHz, Euler angles:
�

5
�

for the dipolar axis)

Ni-LA (Cys549 b) (Cys546 d) (Cys84)

1 2 3 1 2 3 1 2 3

aiso [MHz] 9.50 6.60 6.00

adip � i [MHz] -0.64 -1.65 2.29 -1.14 -1.33 2.47 -0.68 -1.38 2.06

Ai[MHz] 8.86 7.85 11.79 5.46 5.27 8.07 5.32 4.62 8.06

lui -0.135 0.745 -0.654 0.545 -0.050 -0.838 -0.495 -0.831 0.255

lvi 0.680 0.549 0.486 0.836 0.101 0.539 0.078 0.251 0.965

lwi 0.721 -0.379 -0.580 0.058 -0.994 0.097 -0.865 0.497 -0.060

lai -0.302 0.882 0.362 0.588 0.780 -0.215 0.467 -0.648 0.602

lbi -0.929 -0.357 0.097 -0.799 0.518 -0.307 0.551 -0.319 -0.771

lci 0.215 -0.307 0.927 -0.128 0.352 0.927 0.692 0.692 0.208

this state three partially overlapping regions of hyperfine couplings can be distinguished. Analogously

to the hydrogenase from D. vulgaris Miyazaki F the hfc’s are considerably narrowed with respect to the

Ni-C state. The investigated sample contained 25 % of Ni-C according to the EPR spectra. However,

the spectral overlap of the Ni-L with the Ni-C couplings is rather small. Most of the prominent Ni-C

ENDOR signals are observed at frequencies beyond � 7 MHz. Noticeable contributions of Ni-C to

the ENDOR spectra are only expected in the g1 - g2 region of Ni-C as the EPR spectrum is narrower

than that of Ni-L and the axiality is changed from a more ’prolate’ (g1
� g2 � g3) to a more ’oblate’

(g1 � g2
� g3) type. Nevertheless, due to the low content of Ni-C these contributions are negligible.

This was verified by comparing and adding the simulated Ni-C ENDOR spectra to the simulations of

the Ni-LA spectra. No severe changes in the quality of the simulation within the error were observed.

In order to obtain initial values for the simulation the minimal coupling, A � , and the maximal one,

A � , were determined. In this way values for the hyperfine coupling constants were derived using the

following relations: aiso � 1 � 3 � � A � � 2A � � and adip � 1 � 3 � � A � � A � � , assuming a positive isotropic

coupling and in a first step an axial tensor for adip. In order to find the right geometrical orientation,

the Euler angles were varied without any restriction until a comparatively good accordance with the
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Figure 7.31: Simulation of the proton hyperfine coupling tensors that were assigned to the β-CH2

protons of the cysteine residues at the active site (see text) of the RH from R. eutropha in the Ni-LA

state. The simulation parameters are given in Table 7.10. Note, that the residue numbering of the

hydrogenase from D. vulgaris Miyazaki F was used, see Figure 7.29 and Table 7.5.

shape of the experimental spectra was achieved. Then the parameters were further refined by stepwise

adjusting the hyperfine coupling parameters and the relative orientations of the dipolar axes. In a final

step of the simulation procedure, the axiality of the hfc’s was canceled. The result of the simulations

is depicted in Figures 7.30 and 7.31. The respective hyperfine parameters are collected in Table 7.10.

The hyperfine tensor orientations are given with respect to the g-tensor principal axes orientation (lk � i
and k � u � v� w).

The magnitudes of the hfc couplings for the Ni-LA state are considerably smaller with respect to

those derived for the Ni-C state of this enzyme [185] and they are also smaller than those obtained

for the couplings of the standard [NiFe]-hydrogenase from D. vulgaris Miyazaki F in the Ni-C state

(cf. Table 7.5). A considerable redistribution of the electron spin density should have taken place upon

illumination. In order to get further information about the characteristics of the Ni-LA state one would

like to assign the hfc’s to distinct protons in the surrounding of the Ni center. This spatial information

could be obtained if the orientation of the g-tensor principal axes was known. Until now, trials to

obtain single crystals of this enzyme in order to allow a determination of the g-tensor principal axes

like it has been done in the case of the D. vulgaris Miyazaki F hydrogenase have not been successful,

yet. It has thus been proposed that the g-tensor orientation of the Ni-LA state as a first approximation

meets the g-tensor principal axes orientations of the Ni-L state of the hydrogenase from D. vulgaris

Miyazaki F (cf. Chapter 5.3.1). This guess is justifiable because of the given similarity of the active
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sites of the two hydrogenases shown by previous results [171, 172, 185, 198]. The two enzymes have

principal g-values which are quite similar in the Ni-C state and comparable in magnitude and axiality

in the Ni-L states [130, 171, 185]. Furthermore, it has been supposed that the structural changes of the

coordinating cysteines upon the Ni-C � Ni-L conversion are comparatively small. This assumption is

supported by the similarity of the Ni-K edge XANES spectra of the Ni-C and the Ni-L state for standard

[NiFe]-hydrogenases [38] which points to a similar geometry and endogenous ligand environment of

the Ni center in both states. No X-ray structure of the light induced state itself has been published

so far. However, a recent paper presented the results of CO treatment and successive illumination of

H2 reduced single crystals of the hydrogenase from D. vulgaris Miyazaki F [199]. If one neglects the

presence of a CO molecule which could be non-specifically attached in one of the gas channels [43]

a state similar to Ni-L was presumably generated [70]. The root mean square deviation of the bond

distances within the crystallized enzyme after the various treatments has been reported to be 0.12 Å for

the respective crystal [199]. Upon coordination of exogenous CO to the Ni atom a shift of S-Cys546

of up to 0.3 Å was observed. This would correspond to a maximum bending of the Ni-S bond of about

8
�

which could be regarded as comparable in size with the changes observed upon the transition of the

oxidized to the reduced form.

Accordingly, the orientations of the dipolar axes relative to the g-tensor axes which had been ob-

tained by the simulations were transformed into the crystallographic axes system of the D. vulgaris

Miyazaki F hydrogenase (PDB entry 1H2R). By this means, an assignment of the protons responsible

for the observed hfc’s to a β-CH2-proton of the cysteines at the active site could tentatively be made.

This assignment is given in Table 7.10. For a better comparison between the two hydrogenases under

investigation the same nomenclature for the cysteine β-CH2 protons as for the D. vulgaris Miyazaki F

hydrogenase in the Ni-C state was chosen, see Figure 7.29 and Table 7.5.

The largest coupling in the Ni-LA state was assigned a β-CH2-proton of Cys549, here termed

Cys549b. One hfc was assigned to a β-CH2 proton of Cys546 and the third to one proton at C(β)

of Cys84. This is an assignment different from earlier findings. In the Ni-B [125, 148] and Ni-C state

of D. vulgaris Miyazaki F the largest couplings were assigned to a β-CH2-proton of Cys549a. It was,

however, not possible to simulate one of the tensors with satisfying accordance with the spectra with

the Euler angles describing the orientation of this proton. The orientation of another β-CH2-proton of

a cysteine residue of the active site, Cys84, reproduced the third tensor with far better agreement. As

neither the actual g-tensor orientation nor the crystallographic structure is known at present the assigned

residues are given in brackets. For further discussion of the results, see below.

ENDOR spectra of the Ni-L State of the Regulatory Hydrogenase. The orientation selected pulse

ENDOR spectra of Ni-L state of the hydrogenase from R. eutropha are presented in Figure 7.32. The

spectra contain an admixture of Ni-LA of about 33 % [130]. Like in the Ni-LA state three overlapping

hyperfine coupling tensors could be distinguished. The matrix peaks and signals with small hfc’s are
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Figure 7.32: Orientation selected Davies pulse ENDOR spectra [130] (black) and the simulation (ma-

genta) of the Ni-L state of the hydrogenase from R. eutropha (this work). The spectra represent a

mixture of two species, Ni-L with about 33 % Ni-LA. This ratio has been considered in the simulation

with the values from Tables 7.10 and 7.11. Experimental conditions: T= 10 K, 9.72 GHz, modified

Davies ENDOR pulse sequence (cf. Chapter 3.2), π = 96 ns, πtrans f = 16 ns, πr f = 8 µs, repetition rate

100 Hz, accumulation times up to 15 h, each.

suppressed in intensity. The spectra show a relative high similarity with the shape of the hyperfine

tensors with the spectra of Ni-LA but the observed hfc’s are slightly larger than in the Ni-LA state. As

the spectral overlap of these two species is significant, the signals of this species in the ENDOR spectra

have to be taken into consideration when simulating the Ni-L spectra. Apart from this, the simulation

procedure was performed with the same approach as described before for the Ni-LA state. The spectra,

however, could not be simulated with the same set of geometric parameters as for the Ni-LA state. Table

7.11 collects the sets of parameters obtained by the simulation of the ENDOR spectra for the hfc tensors

of this state. The corresponding simulation is depicted in Figures 7.32 and 7.33. The assignment of the
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Table 7.11: Simulation parameters for the hyperfine coupling tensors of the Ni-L state of the hydroge-

nase from R. eutropha. These were assigned to β-CH2 protons of the active site. For better comparison,

the D. vulgaris Miyazaki F numbering was adopted, see Figure 7.29 and Table 7.5. Ai:A tensor principal

values (i � 1 � 2 � 3), lki: direction cosines of the hyperfine tensor principal axes (i � 1 � 2 � 3) in its g-tensor

axes system (k � u � v � w) and in the crystal axes system of the hydrogenase from D. vulgaris Miyazaki

F (k � a � b � c, PDB-entry 1H2R). The spectra were simulated with the following additional parameters

for Ni-L: gi=2.251, 2.094, 2.046, (error
�

0 � 003), EPR linewidth 1.1 mT [130]; microwave frequency

9.720 GHz, ENDOR linewidth 0.25 MHz. (Estimated errors: Ai
�

0.1-0.05 MHz, Euler angles:
�

5
�

for the dipolar axis)

Ni-L Cys549 b Cys549 a Cys546 c

1 2 3 1 2 3 1 2 3

aiso [MHz] 11.7 8.1 9.3

adip � i [MHz] -0.9 -1.6 2.5 -0.7 -1.3 2.1 -0.5 -1.5 2.0

Ai[MHz] 10.8 10.1 14.2 7.4 6.8 10.2 8.8 7.8 10.3

lui -0.312 0.819 -0.483 -0.308 0.909 -0.280 0.225 -0.730 -0.646

lvi 0.682 0.546 0.487 0.643 0.415 0.643 0.269 -0.590 0.761

lwi 0.662 -0.178 -0.728 0.701 0.018 -0.713 -0.936 -0.345 0.064

lai -0.337 0.761 0.554 -0.384 0.595 0.707 0.940 -0.342 0.000

lbi -0.860 -0.489 0.148 -0.853 -0.521 -0.035 0.296 0.814 -0.500

lci 0.384 -0.436 0.819 0.354 -0.612 0.707 0.171 0.469 0.866

couplings to a proton to one of the coordinating cysteine residues was made with the same assumptions

as for the Ni-LA state. Thus, the orientation of the hyperfine tensors are expressed with respect to the

associated g-tensor principal axes system as well as with respect to the crystal axes system of the D.

vulgaris Miyazaki F hydrogenase.

The relative orientations of the hfc tensor axes with respect to the proposed g-tensor principal axes

can be related to the same protons as in the Ni-C state of this hydrogenase [185]. The absolute mag-

nitudes of the isotropic hfc’s in the Ni-L state are considerably decreased by about 5 to 6 MHz with

respect to the Ni-C state [185] for the protons at the Cys549 whereas the magnitude of its dipolar cou-

pling decreased to a smaller extent. The angles between the respective dipolar axes in the Ni-C and

Ni-L state for the hfc’s of the β-CH2 protons are 3
�

and 16
�

degrees (cf. [185]).

Simulation of the ENDOR spectra of the D. vulgaris Miyazaki F Hydrogenase. Interpreting the

ENDOR spectra of the two Ni-L states of the hydrogenases from R. eutropha yielded valuable in-

formation for the analysis of the cw-ENDOR spectra of the Ni-L state of the D. vulgaris Miyazaki F

hydrogenase. If the assumptions about the structural similarity of the active states of these two en-
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Figure 7.33: Simulation of the β-CH2 protons of the cysteine residues of the active site of the hydro-

genase from R. eutropha in the Ni-L state with the values given in Table 7.11. Note, that the residue

numbering of the hydrogenase from D. vulgaris Miyazaki F was used.

zymes and the consequential similar orientation of the g-tensor principal axes hold then the orientations

of the hyperfine tensors which would come into question are restricted to five possibilities. Accord-

ingly, initially only the orientations of the five β-CH2 protons (see Tables 7.10 and 7.11) derived by the

previous simulations have been tested. As a starting point for the interpretation of the cw-ENDOR data

an estimate of the hyperfine parameters was taken from the spectra. As two hyperfine tensors in the

ENDOR spectra of this hydrogenase overlap virtually over the whole field range it was very difficult to

interpret the spectra unambiguously. The Euler angles determined in the previous simulations as well

as the apparent hyperfine parameters which already reproduced the shape of the hyperfine tensors of

the ENDOR spectra quite well were varied in small steps. The hyperfine and orientation parameters

presented in Table 7.12 produced the best accordance with the experimental spectra. The respective

simulations are depicted in Figures 7.28 and 7.34. The hfc’s were assigned to the same set of protons

like for the Ni-C state of this hydrogenase. These sets also correspond to the same set of tensor orien-

tations as obtained for the Ni-L state of the R. eutropha hydrogenase. Using other Euler angles, only

fits of comparatively poor quality were achieved. These assignments have thus been excluded.

Discussion. The magnitudes of the isotropic part of the hfc’s for β-CH2 protons at the bridging cys-

teine (Cys549) are diminished by 3.7 - 4 MHz but the anisotropic part did not change to such a large

extent with regard to the Ni-C state. For the terminal cysteine (Cys546), however, a iso is about the same

but the dipolar coupling is decreased by a factor of two. This might point to a movement of this residue
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Table 7.12: Simulation parameters for the hyperfine couplings of the β-CH2 protons in the Ni-L state

of the D. vulgaris Miyazaki F hydrogenase. Ai:A tensor principal values (i � 1 � 2 � 3), lki: direction

cosines of the principal axes (i � 1 � 2 � 3) in the crystal axes system of the hydrogenase from D. vulgaris

Miyazaki F (k � a � b � c, PDB-entry 1H2R). The spectra were simulated with the following additional

parameters: gi=2.298, 2.116, 2.047 (error
�

0 � 003), EPR linewidth 1.1 mT; microwave frequency 9.469

GHz, ENDOR linewidth 0.35 MHz. (Estimated errors: Ai
�

0.2-0.4 MHz, Euler angles:
�

10
�

for the

dipolar axis)

Ni-L Cys549 b Cys549 a Cys546 c

1 2 3 1 2 3 1 2 3

aiso [MHz] 8.6 7.4 8.8

adip � i [MHz] -0.9 -1.4 2.3 -0.9 -1.3 2.2 -0.5 -1.4 1.9

Ai[MHz] 7.7 7.2 10.9 6.5 6.1 9.4 8.3 7.4 10.7

lai 0.50 0.71 0.77 -0.64 0.00

lbi 0.18 -0.02 0.53 0.63 -0.57

lci 0.85 0.71 0.37 0.44 0.82

 2  2 2 3  3 3 4  4 4 6  6 6 5  5 5

rf 0

Cys549b Cys546dCys549a
2.297
2.288
2.280
2.272
2.257
2.170
2.156
2.142
2.129
2.122
2.115
2.109
2.102
2.089
2.076
2.063
2.051
2.046

ν −ν [MHz]

g−
va

lu
e

Figure 7.34: Simulation of the β-CH2 protons of the cysteine residues of the active site of the hydro-

genase from D. vulgaris Miyazaki F in the Ni-L state with the parameters given in Table 7.12.

upon the photo-process. The values could be interpreted as an elongation of the Ni � � � H distance accord-

ing to Equation (3.9). The angles between the dipolar axes of the respective protons at the cysteines of

the Ni-C state and the Ni-L state are mainly within the error of the method (4
� � 13

�

).

Comparing these results for both hydrogenases and for the different Ni-L states investigated in this

section one finds that the hyperfine couplings derived for the Ni-L state of R. eutropha and for that
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of D. vulgaris Miyazaki F share similarities in orientation and in the relative magnitudes with regard

to their respective Ni-C state. The dipolar axes of two hyperfine tensors of one state enclose an angle

of about 20
�

(Cys549a,b) and with the third (Cys546c) an angle of about 50
�

, respectively. This also

holds for the Ni-L state of the D. vulgaris Miyazaki F hydrogenase. Unpaired spin density leading

to a definite magnitude of the isotropic coupling is found at the position of the bridging Cys549 and

the terminal Cys546 residue. The assignment of the hfc couplings to the respective β-CH2 protons

points to a electron spin distribution that seems to be as a first approximation similar to that of the Ni-C

state and for the Ni-B state. The main part of the unpaired spin density in those states is found in the

direction of the g3-axis which is defined by the orientation of the 3dz2 orbital. As already discussed in

Chapter 5 the electronic ground state in Ni-L is still dominated by the 3dz2 orbital and only shows an

increased admixture of the 3dx2 � y2 orbital with respect to the Ni-C state. It increases from about 20% to

40% in Ni-L [124]. The magnitudes of the isotropic hfc for the bridging cysteine decreased markedly

after illumination of the Ni-C state. This observation points to a significant diminution of the relative

spin density at the Cys549 residue by about 35% after the photo-process. In the case of Cys546c the

magnitude of the isotropic hfc remained unchanged within error. The changes of the dipolar coupling

parameters and the inverted ratio of the isotropic hfc’s for the β-CH2 of Cys549 indicate that a certain

structural rearrangement takes place upon cleaving the hydride from the bridging position. For the

Cys546c proton the dipolar hyperfine coupling decreased by a factor of 2 compared with the Ni-C state.

Applying the point dipole approximation (Eq. (3.9)) this would correspond to a considerable elongation

of the Ni-H distance of about 0.8
�

0.3 Å. In the X-ray structures, this residue is characterized by an

increased B-factor which signifies a higher mobility [23–25,29,199]. And this very residue is replaced

by a selenocysteine in [NiFeSe]-hydrogenases [36]. Because of this finding a particular relevance of

this constituent of the active site for the catalysis of the hydrogen cleavage has been suggested [36].

However, using the extended point dipole approximation [95,96] with parameters from X-ray structure

analysis [24] and proton positions added to the structure by MOLDEN the estimated magnitudes of the

dipolar hfc’s were consistent with a spin density distribution that is more concentrated on the Ni site

(Ni: � 0.7, SCys549: 0.1 - 0.2, SCys546: � 0 � 1) which thus does not require a movement of ligands.

The Ni-LA state of the regulatory hydrogenase, however, behaved quite different with regard to the

states described above. The hf couplings were assigned to one terminal cysteine that would correspond

to the position of Cys546 and to the second bridging cysteine, Cys84. It was not possible to reproduce

the experimental hyperfine tensor with the dipolar axis directed towards Cys549a. Ni-LA is an inter-

mediate state in the conversion process from Ni-L back to Ni-C. The g-values of the Ni-L states of the

hydrogenase from R. eutropha differ somewhat from the values observed in standard hydrogenases.

Especially for Ni-LA the shape of the EPR spectrum displayed the most axial character of all Ni-L

states discussed in this chapter. The pronounced inhomogeneity of the line width of the EPR lines at

the canonical orientations of this state with respect to the other Ni-L states raises speculations whether

Ni-LA is structurally less defined. This would cause the g-strain. Two scenarios are conceivable that
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would lead to the deviant spatial parameters for this state: Either the cysteine coordination of the Ni

site in the Ni-LA state differs that much from the Ni-C state that the assignment of the protons cannot

be made on the basis of the X-ray structures published so far. On the other hand, the orientation of

the principal g-tensor axes in the Ni-LA state might be twisted with respect to the other Ni-L states.

However, using a simple model which takes only the d-orbitals of the nickel into account and deriving

an expression for the g-tensor with perturbation theory then the change of the g-tensor principal values

in the different Ni-L states can be understood by a slightly increased admixture of 3dx2 � y2 orbital oc-

cupancy [143]. The experiment reveals that upon the Ni-C to Ni-L conversion the g-tensor orientation

is rotated by about 10
�

degrees about the axis of preference, g3, and a sizeable change of the g-values

is obtained (see Chapter 5 or [124]). The observed changes of the g-tensor axes between the oxidized,

reduced, and light induced (see below) states is achieved by structural changes such as different types

of ligands in the g1 � g2 plane. It has been shown earlier herein that the ligand exchange from a hy-

droxide (or sulfhydryl) ligand to a hydride is accompanied by an interchange of the g1 � g2 axes but the

orientation of g3 is maintained. If one compares the directions of the dipolar angles between the Ni-C

and Ni-L state one finds a variation in the range of 4
�

- 13
�

degrees which however is smaller than the

error of the method of their determination. Comparing the dipolar axes of the hyperfine couplings in

the Ni-LA state with the Ni-L state, in a first approximation a rotation of the g-tensor principal axes

by 30
�

-50
�

about the assumed g3-axis would transform the set of the protons to a set of orientations

comparable to those of the Ni-L state of the R. eutropha and the D. vulgaris Miyazaki F hydrogenase

(see Figure 7.36). To conclude, the following interpretation is favored: the Ni-LA state is like the other

paramagnetic states of the [NiFe]-hydrogenases best described by a formal 3dz2 ground state but with

a higher 3dx2 � y2 admixture than in the other states. Structural reorganization or chemical modification

(like a protonation of a thiolate sulfur) of the ligands in the plane perpendicular to the 3dz2 orbital could

lead to the proposed rotation of the g-tensor axes. This state, however, is structurally less defined with

respect to the Ni-C and Ni-L state which leads to an increased g-strain with respect to the other states.

7.3.3 HYSCORE Spectra of Isotope Labeled Samples

Upon solvent exchange (H2O vs � D2O) no influence on the linewidths of the EPR spectra was observed.

Consequently, no ENDOR spectra of a D2O exchanged sample of the D. vulgaris Miyazaki F hydroge-

nase were recorded. It was suggested earlier that the proton which had been bound in the [NiFe] bridge

is now cleaved off and might be attached to a nearby residue, Arg479 was proposed. It is one of the

highly conserved residues among [NiFe]-hydrogenases [7]. This arginine resides like a lid on top of the

active site and might be protonated at the guanido group [23–25]. Thus, the large coupling observed in

the Ni-C state should disappear in the HYSCORE spectrum. HYSCORE spectra of the Ni-L state in

D2O exchanged samples of the hydrogenase from D. vulgaris Miyazaki F therefore were taken at field

positions of the principal g-values. Figure 7.35 depicts the spectra obtained at g2 of Ni-L. Like for the

ENDOR spectra it was more difficult to optimize the signals as the echo was less intense than in the
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Figure 7.35: HYSCORE spectrum of the hydrogenase from D. vulgaris Miyazaki F at g2 after H/D

exchange in the Ni-L state. For comparison the simulation (blue) of the D2O exchangeable proton of

the Ni-C state at the same field position is depicted (cf. Figure 7.24). Experimental conditions: T =

3.1 K, 327.2 mT, 9.77 GHz, π � 2 = 16 ns, π = 24 ns, τ1 = 120 ns, τ2 = 160 ns, τ3 = 200 ns, resolution

256x256 points, accumulation times 4, 4, and 16 h, respectively.

Ni-C state.

Indeed, it can be seen that upon illumination the large anisotropic hyperfine coupling present in Ni-C

vanishes completely. For better comparison, a simulation of large anisotropic hfc of the Ni-C state is

overlayed to the spectra (cf. Figure 7.24). The overall positions of the ridges obtained by simulation

at g2 are not greatly affected irrespective of combining the hfc’s of Table 7.8 with the g-tensor of Ni-C

or alternatively with that of Ni-L. A spectra division of the HYSCORE envelopes in order to extract

the contributions of the H/D exchangeable hydron which was cleaved off would not yield the desired

information. Due to residual signal contamination by the nitrogen hyperfine couplings (cf. Section

7.2.4), hfc’s of a hydron which are expected in the range of 1 MHz or less like it would be the case for

a hydron at Arg479 unfortunately are not resolvable.

Recently, HYSCORE spectra of the regulatory hydrogenase in the Ni-L state have been investigated

[130]. The extended ridges of the deuteron with the large hfc, which was assigned to a hydron directly

bound to the Ni, converged into one peak at about the free deuteron Larmor frequency. These peaks

showed a very slight orientation dependence which pointed to a location of the photodissociated hydron

near to the g1-axis. This would be in the same direction as the hydride in the Ni-C state. A hyperfine

coupling of � 1 MHz has been determined which would correspond to a distance of � 4Å. And in fact,

at the distance of 5 Å in the proposed direction (actually in the diagonal of the plane spanned by g1

and g3) the side chain of Arg479 is located in the D. vulgaris Miyazaki F X-ray structure. This residue
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is also conserved in the RH from R. eutropha.

The HYSCORE spectra of the Ni-L state of the D. vulgaris Miyazaki F hydrogenase are dominated

by the hyperfine interactions of nitrogen nuclei. These interactions have been discussed in Section 7.2.4.

They are due to the coupling of the Ni site with a nearby histidine, His88, and the nitrogen couplings

of the iron-sulfur clusters. In Section 7.2.4 it has been debated whether the signals come from one

intermediate coupled nitrogen or from two different ones, one strongly coupled and one weakly coupled.

In the (+,-) quadrant of the HYSCORE spectra in which signals of the nitrogen couplings of the FeS-

clusters emerge as well as in the (+,+) quadrant the ridges seem to be larger compared to the Ni-C

state. However, the optimum experimental conditions for the Ni-C and the Ni-L HYSCORE spectra are

different (cf. Figure 7.21 and 7.35) due to different relaxation properties of those states. Furthermore,

the pulses have been optimized for the Ni but not the iron-sulfur site. Non-ideality of the pulses could

then be responsible for the change in the relative signal amplitudes. Thus, direct comparison of the

signal amplitudes would be highly speculative.

7.3.4 Conclusion and Outlook

The HYSCORE spectroscopic investigations undertaken in this work on the light induced Ni-L state

proved that the large H/D exchangeable hydride present in the Ni-C state of the standard hydrogenase

from D. vulgaris Miyazaki F is dissociated upon illumination. This observation is in accordance with

results obtained earlier for a related system, the H2 sensing hydrogenase from R. eutropha [130]. Con-

cerning the spectroscopic parameters derived in this section assumptions from earlier theoretical works

could thus be corroborated experimentally [34, 125]. These studies also suggested that a proton leaves

the active site, which leads to a formal reduction of the Ni center [34, 124].

Orientation selected ENDOR studies on the Ni-L state revealed that albeit its EPR spectroscopic

properties are different from the other states investigated herein the overall electron spin distribution at

the active site is only relocated to a certain extent from the cysteine residues to the Ni center. This has

been shown for the Ni-L state of the D. vulgaris Miyazaki F hydrogenase as well as for the regulatory

hydrogenase from R. eutropha. For the assignment of the hyperfine couplings present in the Ni-L states

of the regulatory hydrogenase it was assumed that the respective g-tensor orientations does not differ

much from that obtained for the standard hydrogenase from D. vulgaris Miyazaki F. The distribution of

the unpaired spin density in the Ni-A, Ni-B, and Ni-C state is best described by a Ni 3d1
z2 orbital which

extends along the Ni-SCys549 bond leading to a large spin density at this cysteine [83, 124, 157]. For

Ni-L, which bears a higher 3dx2 � y2 occupancy according to DFT calculations [124, 125], the unpaired

spin density should be decreased in the Ni-SCys549 bond direction. This would result in a more evenly

distributed spin density at the Ni site in the Ni-L state. For the Ni-L states investigated in this work three

hyperfine coupling tensors were identified for the respective hydrogenases. Those which were assigned

to the β-CH2-protons of Cys549 showed a significant decrease in aiso with regard to the respective Ni-C

state. Consequently, the change of the ligand sphere by the light induced loss of the bridging hydride



Determination of Proton, Deuteron, and Nitrogen Hyperfine Couplings 125

1

Cys81

Cys84

Ni

Cys549
Fe

3

Cys546

2

1

Cys81

Cys84
Cys549

Ni

Fe

Cys546

2
3

Figure 7.36: Orientations of the dipolar axes of the three hfc’s derived by simulation of ENDOR spectra

(cf. Tables 7.10 and 7.11) of the Ni-L (magenta) and the Ni-LA (mauve) states. These are depicted with

respect to the X-ray structure of the D. vulgaris Miyazaki F hydrogenase [24] assuming that the active

site structures of the D. vulgaris Miyazaki F and R. eutropha (RH) hydrogenases and their g-tensor

orientations are highly similar. The length of the arrows are scaled by the respective magnitudes of the

dipolar hyperfine coupling.

ligand alters the electron spin distribution (cf. [124, 125, 130]). According to the magnitudes of the

isotropic hyperfine coupling the spin density of the Ni-L state is more concentrated on the nickel. Apart

from the cleavage of the hydride ligand the ENDOR results are consistent with slight conformational

changes of the coordinating cysteine residues caused by the photo-process. The magnitude of the

dipolar hyperfine coupling especially for the β-CH2 proton of Cys546 is decreased. This proton might

have moved away from the Ni center by up to 0.8
�

0.3 Å. The side chain of the bridging cysteine

residue might be slightly rotated according to the hyperfine parameters. However, considering the

extended point dipole model, the magnitudes of the dipolar hfc’s can also be explained by an increased

spin density at the nickel with regard to the ligands.

Upon illumination several Ni-L states were obtained for standard hydrogenases as well as for the

H2 sensing hydrogenase. The presence of more than one Ni-L state dependent on the temperature of

its generation indicates that several substates for the bonding of the hydron exist that differ in their

energy. This has been shown experimentally for the regulatory hydrogenase from R. eutropha. Two

different Ni-L states of this enzyme have been investigated by ENDOR spectroscopy. The results

for the Ni-L state have already been summarized above as it exhibits a very similar behavior like the

Ni-L and the Ni-C states of the D. vulgaris Miyazaki F hydrogenase. The second Ni-L state of the

R. eutropha hydrogenase, Ni-LA, which is a stable intermediate between the Ni-L and Ni-C states

behaves differently. The hyperfine coupling tensors were simulated and their orientations with respect

to the g-tensor axes were determined. However, the assumptions made for the Ni-L state probably
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have to be modified for this state. Ni-LA either is characterized by a different electron spin distribution

with respect to the g-tensor orientation which spreads more in the g1 � g2 plane or by a rotation of the

initially assumed g-tensor axes about the Ni-S-Cys549 axis by 30-50
�

caused by a change of the ligand

symmetry of cysteine side chains. It has been shown earlier in this work that in the course of the

enzymatic reactions the orientation of the active site g1 � g2-tensor axes are affected in contrast to the

g3-tensor axis (see Chapter 5). A comparison of the relative orientations of the dipolar axes of the

hyperfine tensors of the Ni-L and Ni-LA states of the R. eutropha hydrogenase is depicted in Figure

7.36. However, further experimental data is needed in order to obtain a reliable assignment of the

hfc’s to particular cysteine residues of the active site. Single crystal EPR studies would provide exact

information about the g-tensor orientation of this state and would help to decide which of the proposed

solutions is valid. Moreover, it would be interesting to compare the different accessible Ni-L states of

the various hydrogenases: Similarities between the states but also dissimilarities would give an idea of

the influence of the protein surrounding on the fine tuning of the spatial and electronic structure of the

active site.

The changes of the relative ridge intensities observed in the HYSCORE spectra might suggest the

conversion from Ni-C to Ni-L being a process that involves a partial reduction of the iron-sulfur clusters.

However, this observation has to be handled with care as HYSCORE spectra exhibit blind spots and

the relative intensities of the ridges could be changed due to the application of non-ideal pulses (cf.

Section 3.3.2). Further HYSCORE studies on these clusters would help to elucidate details about the

electron transfer process. Up to now only little is known about the transfer of the substrate electrons

and whether a concomitant proton transfer takes place. A kinetic coupling of concerted capture of

electrons and protons has been proposed for the iron-sulfur clusters in [NiFe]-hydrogenase based on

the apparent pH dependence of the iron-sulfur clusters and the finding that the electron transfer itself is

not the rate-limiting step of the catalytic reaction [28]. Proton coupled electron transfer reactions have

been reported for photosystem II [200] and cytochrome oxidase [201].

The question arises about the physiological relevance of the Ni-L state for the catalysis of hydrogen

cleavage. This state can only be obtained and stabilized under non-physiological conditions. Illumina-

tion of the samples under standard assay conditions did not affect the enzyme activities [60]. However,

the active enzyme needs to get rid of the bridging hydride present in the Ni-C state. This could happen

by a reduction of the Ni center by two electrons and would yield a transient Ni(I) state. Consequently,

the binding sites for the hydron that is cleaved off by light also may constitute probable binding sites

for the removal of the substrate to empty the [NiFe]-site for the next turn-over when the electrons were

transfered to the iron-sulfur clusters. Unfortunately, the other enzymatically active states like Ni-R are

not accessible by electron paramagnetic resonance spectroscopy. Other currently applied spectroscopic

techniques are not able to resolve hydrogen positions. Experimental data about changes in the spatial

and electronic structure of this state might help in understanding possible pathways of the catalytic

cycle and provide quantum chemical calculations with further data.
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Chapter 8

Conclusion and Outlook

Uncertainties about the nature of some steps of the reaction mechanism of the active site reflected by

the four paramagnetic states have been clarified by analysis of the experimental data presented in this

work.

For the investigations presented herein cw- and pulse EPR techniques have been applied as well

as double resonance methods. As a measure for the electronic structure of the active site and as a

prerequisite for further EPR spectroscopical investigations the g-tensor orientation of the Ni-C and the

Ni-L state has been determined. Additionally, the unpaired electron spin density at the central atom,

Ni, has been investigated by EPR using isotope labeling. Finally, the interaction of the unpaired spin

with nuclei in the surrounding of the nickel, such as 1 � 2H, 14N, and 17O at the [NiFe]-site have been

analyzed in the Ni-B, Ni-C and Ni-L states of the enzyme. The experimental results presented in this

thesis proved that the bridging ligand in the Ni-B state is protonated and is most probably a hydroxide.

Upon reduction of Ni-B to Ni-C the hydroxide is replaced by a hydride. However, the spin density

distribution at the active site experiences only small changes. After conversion to the Ni-L state this

hydride is cleaved off. The spin density is still distributed to the same ligands but now more concentrated

at the Ni. In course of these studies two hydrogenases have been investigated, the D. vulgaris Miyazaki

F and the R. eutropha hydrogenase. In order to analyze the results of the standard hydrogenase in the

Ni-L state, the R. eutropha enzyme has been regarded as a model system.

Putting these pieces together, a more precise picture of the paramagnetic states of the [NiFe]-

hydrogenases that were investigated in this work has been obtained. In the following the results of

this thesis will be summarized, based on the findings a reaction mechanism will be proposed and finally

an outlook will be given.

8.1 Summary

Chapter 5 reports the results of single crystal EPR spectroscopy. The Ni-C and Ni-L states have

been generated in single crystals obtained from the [NiFe]-hydrogenase from Desulfovibrio vulgaris
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Miyazaki F. Evaluation of the orientation dependent spectra yielded the magnitudes of the g-tensors

and their orientations in the crystal axes system for both states. The g-tensors could further be related

to the atomic structure by comparison with the X-ray crystallographic structure of the reduced enzyme.

Although the g-tensor magnitudes of Ni-C and Ni-L are quite different the orientations of the resulting

g-tensors are very similar, but differ from those obtained earlier for Ni-A and Ni-B [79, 85]. The

experimentally derived g-tensors were compared to those calculated by density functional theory (DFT)

methods [124]. The calculated g-tensor of Ni-C is, concerning magnitudes and orientation, in good

agreement with the experimental one for a formal Ni(III) oxidation state with a hydride (H
�

) bridge

between the Ni and the Fe atom. Satisfying agreement is obtained for the Ni-L state when a formal

Ni(I) oxidation state is assumed for this species with a proton (H
�

) removed from the bridge between

the nickel and the iron atom.

Chapter 6 presents the results of the investigation of 61Ni labeled D. vulgaris Miyazaki F hydroge-

nase samples. These allowed to determine the magnitudes of principal values of the hyperfine coupling

tensors for the Ni-A, Ni-B, Ni-C, and Ni-L states. The largest splitting was observed for the Ni-A, Ni-B,

and Ni-C states on the g3 component and has for those state the same magnitude. Contrarily, the largest

splitting for Ni-L was detected at the g1 component. Using assumptions about the relative signs of

the hf couplings determined by simulation, the isotropic and the anisotropic contributions could be ex-

tracted. The magnitudes of neither the isotropic nor the anisotropic part of the hfc changed dramatically

between Ni-A, Ni-B, and Ni-C states. For Ni-L, an assignment was favored which lead to a magnitude

of the isotropic hfc of almost zero. The absolute values of the hfc constants were small compared to

the isotropic hyperfine interaction for unit spin density ( � 1%) and compared to anisotropic hyperfine

parameter for d-orbitals ( � 15 %) [138]. Consequently, estimates for orbital spin densities at the nickel

could be obtained. A considerable part of the spin density was found to be delocalized on the ligand

atoms. The d-orbital spin density of the Ni-L state was increased with respect to Ni-A, Ni-B, and Ni-C

states.

Chapter 7 compiles the results of advanced EPR methods such as ENDOR and pulse EPR techniques

which provide data about the couplings of nuclei in the vicinity of the nickel center. Three different

redox states of the enzyme have been studied in detail, namely the Ni-B, the Ni-C, and the Ni-L states.

From the 1 � 2H-HYSCORE spectra of the oxidized D. vulgaris Miyazaki F hydrogenase in the Ni-

B state the complete hyperfine tensor of a H/D exchangeable hydron was determined. This hfc was

assigned to a hydron at the small equatorial bridging ligand found in the X-ray structure. Due to line

broadening effects it was concluded that this ligand rather constitutes a hydroxide than a sulfhydryl

ligand, although the latter was proposed earlier according to the X-ray structure refinement and mass

spectrometric analyses [23, 151]. The complete hyperfine and quadrupole tensors for the nitrogen cou-

pling of a nearby histidine, His88, was determined for the enzyme in H2O and in D2O for the Ni-A and
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the Ni-B state. According to the magnitudes of the hyperfine and quadrupole parameters the N(ε)-Ni

distance increased upon solvent exchange.

Analysis of 1 � 2H-HYSCORE spectra of samples in the Ni-C state of D. vulgaris Miyazaki F hydro-

genase after H/D solvent exchange yielded the complete hyperfine tensor of a hydron that is located

in the bridging position between the nickel and the iron. The experimentally derived tensor was com-

pared to previous results obtained by simulating EPR spectra by Fan et al. [37]. The magnitudes of

the hyperfine tensor principal values comparable to those obtained in this work. However, knowing the

complete hyperfine tensor for the D. vulgaris Miyazaki F hydrogenase a different assignment of the

relative signs of the principal values for the D. gigas hydrogenase was proposed. By interpretation of

ENDOR spectra three hyperfine tensors were determined. These were assigned to β-CH2 protons of the

coordinating cysteine residues, namely to two protons of the bridging Cys549 and to one of the terminal

Cys546. The principal values of the hyperfine coupling tensors were comparable in their magnitude to

the values obtained earlier for the oxidized Ni-B state of the D. vulgaris Miyazaki F hydrogenase and

for that from A. vinosum. The findings from HYSCORE and ENDOR spectroscopy were compared to

results obtained with the regulatory hydrogenase from R. eutropha. The hyperfine tensors for the H/D

exchangeable hydride as well as for the β-CH2 protons of the cysteine residues compared quite well,

albeit the dipolar part of the hfc for the H/D exchangeable hydride was larger and the isotropic hfc’s of

the β-CH2 protons were smaller by about 5 MHz for the D. vulgaris Miyazaki F hydrogenase [185].

By means of HYSCORE studies it has been shown that in the Ni-L state of the standard hydrogenase

the H/D exchangeable hydride is cleaved off by illumination. ENDOR studies allowed to determine

three complete hyperfine tensors for the D. vulgaris Miyazaki F hydrogenase. While the orientations

of the dipolar hfc’s are only slightly changed with respect to the Ni-C state, the magnitudes of the

isotropic hfc of the β-CH2 protons are considerably decreased by � 3-4 MHz upon photo conversion.

The variation of the orientations of the dipolar axes together with the changes of the magnitudes of

the dipolar hfc indicate a minor structural relaxation of the active site upon the cleavage of the H/D

exchangeable hydron.

Within the scope of this thesis, ENDOR spectra of the two accessible Ni-L states, namely the Ni-L

and the Ni-LA state of the regulatory hydrogenase from R. eutropha were analyzed in detail. For both

states the magnitudes and the orientations relative to the g-tensor frame of three hyperfine tensors were

determined, respectively. Assuming that the g-tensor orientation resembles that one obtained for the

Ni-L state of the D. vulgaris Miyazaki F hydrogenase the hyperfine tensor, the three hyperfine tensors

of the Ni-L state of the R. eutropha hydrogenase was tentatively assigned to β-CH2 protons at cysteine

residues corresponding in their spatial orientation to Cys549 and Cys546. Thus, the Ni-C state and the

Ni-L state of this hydrogenase exhibited similar hf tensor orientations, the same has been found for the

D. vulgaris Miyazaki F hydrogenase. The magnitude of the isotropic part of hfc was reduced by � 4-5

MHz for the β-CH2 protons at the Cys549 positions compared to the Ni-C state.
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8.2 Implications for a Reaction Mechanism

The findings presented in this work in addition to the results obtained earlier (e.g. [37, 38, 130, 131])

suggest that [NiFe]-hydrogenases - even though they may have different physiological tasks - cleave

their substrate by the same mechanism.

Upon conversion from one paramagnetic state to the other (i � e � Ni-A, Ni-B, and Ni-C) the spin den-

sities at the nickel nucleus did not exhibit large changes according to the magnitudes of the 61Ni hfc’s

being in agreement with earlier XAS and XANES data [128,145,186]. Moreover, electronic and struc-

tural changes between the Ni-B and Ni-C states concerning the thiolate ligands are comparatively small

according to their respective g-tensor orientations (this work and cf. [79,85]) and to the magnitudes and

directions of the anisotropic hfc tensors (this work and cf. [125, 148, 157]) which is in accordance with

the results of X-ray structure analysis [24]. The results clearly indicated that the unpaired spin density

is distributed onto the same residues of the active site like in the oxidized and the reduced Ni-C state.

To conclude, even though the active site undergoes changes in the activity towards the substrate the

changes in the overall electronic structure are small.

A further non-physiological state, the light-induced Ni-L, has been examined. In this state, the spin

density is more concentrated onto the Ni site indicated by the changes of the 61Ni and 1H hfc’s (this

work and cf. [38, 130]). This caused the decrease of the isotropic hyperfine couplings of the protons in

direction of the 3dz2 lobe. However, in all four states investigated in this work, the preferential direction

of the g-tensor is given by the orientation of the 3dz2 orbital even though in the Ni-L state a higher

contribution of the 3dx2 � y2 orbital to the ground state is obtained (this work and cf. [124]). This suggest

a specific role of the open coordination site at the nickel to which the 3dz2 lobe points.

Based on the findings of this work and of earlier studies a scenario of the catalytic H2 cleavage

could be proposed: In the Ni-B state a protonated bridging ligand is found. Due to the pH dependence

of the reductive conversion to Ni-C [8,44,49,52] this ligand presumably will be protonated generating a

leaving group, e.g. H2O. The active site’s third bridging position is emptied in a further step. Reaction

with hydrogen leads to an interaction of the substrate with the nickel site and presumably a nearby

base [191, 192] which could be thiolate or selenothiolate [156]. In the next step heterolytic splitting of

the substrate [60,69,70] takes place yielding an active site with a hydride at the nickel and a protonated

(seleno)thiolate. A possible candidate for the protonation would be the terminal (seleno)cysteine as its

sulfur atom carries a certain amount of unpaired spin density in all the states examined in this work and

this residue is characterized by an increased mobility in the X-ray structure [23–25, 36]. Furthermore,

due to sterical effects this residue seem to be the most likely one to be involved in the acid-base catalysis

(see Figure 2.1). It is in the plane perpendicular to the 3dz2 lobe and adjacent to the µ-hydrido binding

site. According to the results of this work, a second H/D exchangeable proton could not be identified

unequivocally in the Ni-C state. In the RH from R. eutropha and in the Th. roseopersicina hydrogenase

no second H/D exchangeable hfc’s were detectable. Thus, it is assumed that the second proton leaves
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the active site via a proton channel prior to the generation of Ni-C. The structure of Ni-L state might

give insight into the process of cleaving a reaction product (the hydride) in order to empty the binding

site for a new substrate molecule. However, the removal of a proton from the active site leaves it in a

reduced state (formal Ni(I)), thus, in order to restart the catalytic cycle, electrons have to be transferred

concomitantly to the iron-sulfur clusters of the small subunit. However, what exactly happens upon

conversion from Ni-C to Ni-R and how the substrate and electrons then are released remains to be

determined.

8.3 Outlook

Numerous aspects of the electronic as well as the spatial structure of the active site intermediates have

been clarified in this thesis. However, many uncertainties remain to be resolved. Much hints to the

presence of an equatorial µ-oxo species in the Ni-A state of the D. vulgaris Miyazaki F hydrogenase.

Further investigations would help to elucidate whether this ligand is protonated or not. The latter has

been proposed by DFT calculations [81]. 17O ENDOR studies at Q-band frequencies would not only

corroborate the nature of the small equatorial bridging ligand present in the Ni-A and Ni-B state but

would also provide further valuable data about the electronic structure of these states. HYSCORE

experiments, like exerted for the Ni-B state, would help to determine the step of protonation of this

ligand. 15N labeling would reveal whether there are further hydrons present in the states investigated

in this work. Successful 61Ni ENDOR studies at Q-band frequencies or single crystal EPR studies on

the isotope labelled enzyme would allow to derive the full 61Ni hyperfine tensors of all paramagnetic

intermediates of the hydrogenase.

The heterolytic hydrogen cleavage necessitates the presence of a nearby base [191, 192], in the

[NiFe]-hydrogenases a thiolate or selenothiolate could take over this role [156]. Thus, the question

arises whether there is a second exchangeable proton present at the active site in the Ni-C state. In the

[NiFeSe]-hydrogenase from D. baculatum, the residue corresponding to Cys546 is replaced by a se-

lenocysteine. This terminal cysteine (SeCys487L or Cys546) displays significantly larger temperature

factors than the rest of the active site [23, 27, 36]. It was proposed that this residue is involved in trans-

ferring the proton resulting from the heterolytic cleavage towards the molecular surface. Consequently,

this residue would play the role of a base in the first step of the catalytic process [36]. However, a

solvent exchangeable 1H/2H coupling that would come into question for such a proton has only been

observed in the case of the D. gigas hydrogenase [37]. In the regulatory hydrogenase from R. eu-

tropha no second H/D exchangeable proton was detected and the spectroscopically accessible data for

the standard hydrogenase under investigation prevented a justified statement. Thus, still there is no ex-

perimental evidence where the second substrate proton is bound or whether it is already removed from

the active site before the Ni-C state is regenerated.

Moreover, after stating the similarities between the regulatory and the standard hydrogenase the
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question arises what causes the difference in their respective catalytic activities. The extent how the

protein environment determines the structure of the active site and furthermore the activity of the en-

zyme remains to be further evaluated in future. According to the results obtained herein substantial

differences exist in the cofactor surrounding. It was shown by H/D exchange that the active site of stan-

dard hydrogenases considerably interacts with His88. This residue is believed to be responsible for the

proton transport to the surface of the enzyme. In regulatory hydrogenases this residue is replaced by a

glutamine [7]. The hyperfine coupling with this residue could not be resolved in neither in ESEEM nor

in HYSCORE spectra [130, 131]. A replacement of this residue by a histidine maintained the stability

of the enzyme and yielded ESEEM spectra comparable to standard hydrogenases [130,131]. The activ-

ity of this mutant still was much lower than that of standard hydrogenases. However, solvent induced

changes on this residue of the mutant have not been studied so far which would help to further clarify

the role of this histidine.

DFT theory has turned out to be a valuable tool for more comprehensive understanding of the

mechanism of the heterolytic splitting of molecular hydrogen and delivered proposals of the structures

which constitute intermediates of the catalytic cycle. The results of this study strongly suggest that for

the development of a more detailed mechanism also the immediate protein surrounding of the active

site should be included in the calculations not only for the oxidized [142] but also for the reduced states.

Much effort has been spent in generating site-directed mutants of hydrogenases of the genus Desul-

fovibrio. The expression of one specific hydrogenase is only possible in cells of the corresponding

bacterial strain, due to the fact that there are several proteins involved in the maturation of the hydroge-

nase (up to 12 in E. coli, but the function of only four of them is clarified [202]) which are typal, i.e. the

maturation proteins of E. coli can not process a hydrogenase precursor of D. vulgaris Miyazaki F. This

means that a heterologous expression of hydrogenase is excluded. Up to now site-directed mutagenesis

succeeded only in the case of D. fructosovorans hydrogenase [28, 64]. Site directed mutagenesis on

the standard hydrogenase which would replace the His88 residue by e � g � a glutamine could provide

valuable information about the impact of this residue to the proton transport from the active site. The

question whether Arg479 plays a role as a trap for the light driven cleavage of the substrate from the

active site could be elucidated by a corresponding replacement.8.3a A cluster conversion like it has been

achieved for this hydrogenase would allow to obtain the reduced paramagnetic states without splitting

of the EPR lines as the midpoint potential of the conversed iron-sulfur cluster would be decreased [28].

More thorough spectroscopic investigations of the active site without disturbing contributions by these

clusters would be facilitated. This would disclose further details of the structure of the active site cluster

in the Ni-C and Ni-L state. Furthermore, the specific roles of highly conserved residues in the vicinity

of the active site, of the assumed proton or of gas channels could be elucidated. Moreover, additional

8.3aIt has to mentioned that this residue also stabilizes the coordination of the iron of the [NiFe]-site by the diatomics through

hydrogen bonding [23–25,28,29]. Possibly, the [NiFe] core of the enzyme might loose stability upon a replacement. Possible

candidates could be either Glu, His or Lys.
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details about the yet not understood electron transfer from the locus of substrate conversion to the

physiological redox partner would be provided.
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Chapter 9

Zusammenfassung und Ausblick

In der vorliegenden Arbeit wurden [NiFe]-Hydrogenasen mit den Methoden der magnetischen Re-

sonanzspektroskopie (EPR, ENDOR, ESEEM und HYSCORE) untersucht. Ziel der Arbeit war die

Charakterisierung der elektronischen und geometrischen Struktur des aktiven Zentrums und dessen

Wechselwirkung mit der Proteinumgebung.

[NiFe]-Hydrogenasen sind Metalloenzyme, die die reversible, heterolytische Wasserstoffspaltung

katalysieren. Das aktive Zentrum ist ein Nickel-Eisen-Komplex, der in der grossen Untereinheit des

heterodimeren Enzyms lokalisiert ist. Dieser Metallcluster ist durch vier Cysteinreste an die Protein-

matrix gebunden. Nickel ist durch die vier Cysteinate koordiniert, zwei davon verbrückend zum Eisen.

Drei anorganische Liganden sind terminal an das Eisen gebunden. Ausserdem ist noch ein weiterer

Brückenligand X vorhanden, der bisher noch nicht eindeutig experimentell identifiziert werden konn-

te. Während des Katalysezyklusses durchlaufen [NiFe]-Hydrogenasen verschiedene paramagnetische

Zustände, die sich bezüglich ihrer strukturellen und elektronischen Eigenschaften unterscheiden. Diese

werden mit Ni-A, Ni-B und Ni-C bezeichnet. Durch Beleuchtung des Ni-C-Zustandes lässt sich ein

weiterer paramagnetischer Zustand, Ni-L genannt, erhalten.

Die Orientierung des g-Tensors und seine Hauptwerte des Ni-C und Ni-L Zustandes wurden im

Rahmen dieser Arbeit bestimmt. Sie stellen ein Maß für die elektronische Struktur des aktiven Zentrums

dar. Die Kenntnis dieser Parameter ist Voraussetzung für die Analyse weiterer EPR-spektroskopischer

Studien. Die Wechselwirkung des ungepaarten Elektronenspins mit dem 61Ni-isotopenmarkierten ak-

tiven Zentrum wurde für alle genannten Zustände analysiert. Schliesslich wurde die Wechselwirkung

der ungepaarten Spins am [NiFe]-Zentrum mit paramagnetischen Kernen in dessen Umgebung, wie

zum Beispiel mit 1 � 2H, 14N und mit 17O, untersucht. Auf diese Weise konnte ein präziseres Bild der

verschiedenen paramagnetischen Zustände der [NiFe]-Hydrogenasen gewonnen werden. Die Ergeb-

nisse dieser Arbeit werden nun im Folgenden zusammengefasst.

Die g-Tensororientierung im Ni-C und Ni-L Zustand. Der Ni-C und der Ni-L Zustand wurde in

Einkristallen der D. vulgaris Miyazaki F Hydrogenase präpariert. Durch Analyse der orientierungs-
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abhängigen Einkristall-EPR-Spektren wurden die Hauptwerte und die Orientierung der g-Tensoren im

Kristallachsensystem für die beiden Zustände bestimmt. Die g-Tensororientierungen konnten durch

Vergleich mit der Röntgenstruktur des reduzierten Enzyms in Verbindung mit der atomaren Struktur

gebracht werden. Obwohl die g-Tensorhauptwerte der Ni-C und Ni-L Zustände sich sehr unterschei-

den, sind die g-Tensororientierungen sich sehr ähnlich. Sie haben die gleiche Vorzugsrichtung wie der

Ni-A und Ni-B Zustand bezüglich der g3 Achse, g1 und g2 hingegen sind vertauscht [79, 85]. Die

experimentell bestimmten g-Tensorachsen wurden mit denen verglichen, die mit Methoden der Dichte-

funktionaltheorie (DFT) berechnet wurden [124]. Der für Ni-C berechnete g-Tensor stimmt gut mit

dem experimentellen in Orientierung und in der Grösse der Hauptwerte überein, wenn ein formaler

Ni(III) Oxidationszustand mit einem Hydrid (H
�

) als verbrückendem Liganden den Berechnungen zu-

grunde gelegt wird. Zufriedenstellende Übereinstimmung erhält man für den Ni-L Zustand, wenn man

annimmt, dass ein Proton durch Beleuchtung abgespalten wurde, also ein formaler Ni(I) Oxidationszu-

stand vorliegt.

Bestimmung der 61Ni Hyperfeinwechselwirkungen. Mit Hilfe von EPR Studien an der 61Ni-iso-

topenmarkierter Hydrogenase erlaubten es, die Hauptwerte der 61Ni-Hyperfeintensoren für den Ni-A,

Ni-B, Ni-C und den Ni-L Zustand zu bestimmen. Die grösste Aufspaltung wurde für die Ni-A, Ni-

B und Ni-C Zustände an der g3 Komponente des EPR Spektrums beobachtet und hat für alle drei

Zustände die gleiche Grösse. Im Gegensatz dazu zeigt Ni-L die grösste Aufspaltung an der g1 Kom-

ponente. Unter der Annahme, dass für die Ni-A, Ni-B und Ni-C Zustände die relativen Vorzeichen

der Hyperfeinaufspaltung alle gleich sind und, dass im Ni-L Zustand die grösste Hyperfeinkopplung

ein anderes Vorzeichen hat, konnten die isotropen und anisotropen Anteile der Kopplungen bestimmt

werden. In den Ni-A, Ni-B und Ni-C Zuständen ändern sich weder der isotrope noch der anisotrope

Anteil der Hyperfeinkopplung. Der Ni-L Zustand hat eine isotrope Hyperfeinkopplung von fast Null.

Die absoluten Werte der Hyperfeinkopplungskonstanten sind klein im Vergleich mit den Werten der

isotropen Wechselwirkung für eine Spindichte von eins (etwa 1 %) und im Vergleich mit denen der

anisotropen Hyperfeinparameter für d-Orbitale. Aus diesen Werten wurde eine Abschätzung für die

jeweiligen Spindichten am Nickel erhalten. Nach diesen Schätzungen ist ein beträchtlicher Teil der

Spindichte in allen vier Zuständen auf die Schwefelatome der Cysteine verteilt. Ausserdem ist die

d-Orbitalspindichte im Ni-L Zustand ist im Vergleich zu den anderen Zuständen erhöht.

Bestimmung der 1 � 2H, 14N und 17O Hyperfeinwechselwirkungen. ENDOR und Puls-EPR erlauben

es, ein umfassendes Bild über die Umgebung des Elektronenspins zu erhalten. Folgende Zustände der

[NiFe]-Hydrogenasen wurden detailliert untersucht: Der Ni-B, Ni-C und der Ni-L Zustand.

Es wurden 1 � 2H-HYSCORE Spektren von H/D ausgetauschten Proben aufgenommen. Durch Ana-

lyse dieser Spektren konnte der vollständige Hyperfeintensor eines H/D austauschbaren Protons be-

stimmt werden. Diese Hyperfeinkopplung wurde einem Proton am äquatorialen Brückenliganden zuge-
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ordnet. Aufgrund von Linienbreiteneffekten, die bei einer 17O-Markierung auftraten, wurde geschlos-

sen, dass es sich in der D. vulgaris Miyazaki F Hydrogenase bei diesem Brückenliganden eher um ein

Hydroxid- denn um einen Sulfhydrylmolekül handelt, obwohl letzteres aufgrund von Röntgenstruktur-

daten und massenspektroskopischen Untersuchungen bisher favorisiert wurde [23, 151]. Ausserdem

wurden die vollständigen Hyperfein- und Quadrupolkopplungstensoren für eine Stickstoffkopplung für

das Enzym in H2O und D2O im Ni-A und Ni-B Zustand bestimmt. Diese Stickstoffkopplung wurde

dem N(ε) von His88, einem Liganden in direkter Nähe des aktiven Zentrums, zugeordnet. Die Daten

deuten auf eine Abstandsvergrösserung des N(ε) zum Nickelzentrum nach dem H/D-Austausch hin.

Durch 1 � 2H-HYSCORE spektroskopische Untersuchungen konnte der vollständige Hyperfeintensor

eines H/D austauschbaren Hydrides, mit den Hauptwerten A �
�
� 11 � 1 � � 20 � 8 �

�
20 � 2 � MHz, im Ni-C

Zustand ermittelt werden. Die Daten zeigen, dass dieses Hydrid, das Produkt der Wasserstoffspaltung,

in der Brücke gebunden ist. Der Vergleich des in dieser Arbeit bestimmten Tensors mit früheren Daten,

die durch die Simulation von EPR Spektren der D. gigas Hydrogenase erhalten wurden [37], zeigt,

dass die Absolutbeträge der Tensorhauptwerte gut übereinstimmen. Mit den hier gewonnenen Daten

wird jedoch eine andere Vorzeichenzuordnung vorgeschlagen, nämlich A �
�
� 15 � � 20 �

�
25 � MHz.

Die HYSCORE Spektren waren noch von weiteren Kopplungen mit verschiedenen Stickstoffkernen

überlagert. Diese wurden dem N(ε) von His88 und Stickstoffkopplungen der ebenfalls reduzierten

Eisenschwefelcluster zugeordnet. ENDOR Spektren, die vom teilweise unsplit Ni-C Zustand der D.

vulgaris Miyazaki F Hydrogenase aufgezeichnet wurden, wurden analysiert und es konnten vier Hy-

perfeintensoren bestimmt werden. Diese wurden β-CH2 Protonen der ligandierenden Cysteinreste zu-

geordnet. Die grösseren Hyperfeinkopplungen wurden mit zwei Protonen am verbrückenden Cys549

gefunden (aiso = 12.4 MHz and adip= 2.2 MHz, aiso = 12.2 MHz and adip= 1.1 MHz), kleinere am termi-

nalen Cys546 (aiso = 9.0 MHz und adip= 1.7 MHz, aiso = 5.6 MHz und adip= 1.7 MHz). Die Hauptwerte

der Hyperfeinkopplungen sind in ihrer Grösse vergleichbar mit denen, die für den Ni-B Zustand der D.

vulgaris Miyazaki F und der A. vinosum Hydrogenase bestimmt wurden. Die Resultate aus ENDOR

und HYSCORE spektroskopischen Untersuchungen wurden mit denen an einem verwandten System,

der regulatorischen Hydrogenase (RH) aus R. eutropha verglichen [185]. Dieses Enzym ist den Stan-

dard [NiFe]-Hydrogenasen sehr ähnlich, obwohl es praktisch keine katalytische Aktivität zeigt. Auch

dort wurde ein H/D austauschbares Hydrid gefunden. Dessen Hyperfeintensor stimmt bezüglich der

Hauptwerte gut mit dem aus dieser Arbeit überein. Im Rahmen dieser Arbeit konnte die Annahme

von Brecht et. al, dass die g-Tensororientierung des Ni-Zustandes der RH dem, der für die D. vulgaris

Miyazaki F Hydrogenase bestimmt wurde, sehr ähnlich ist, bestätigt werden. Die Hyperfeintensoren

der β-CH2 Protonen der Cysteine der jeweiligen Enzyme sind damit ebenfalls in ihrer Orientierung

einander sehr ähnlich, die isotropen Hyperfeinkopplungen sind jedoch um etwa 5 MHz grösser, als für

die D. vulgaris Miyazaki F Hydrogenase [185].

Es konnte mit Hilfe von HYSCORE spektroskopischen Untersuchungen gezeigt werden, dass das

H/D austauschbare Hydrid in der D. vulgaris Miyazaki F Hydrogenase durch Beleuchtung abgespal-
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ten werden kann. Die stark anisotrope Deuteriumkopplung verschwindet völlig aus den HYSCORE

Spektren, diese sind im Ni-L Zustand von den schon für Ni-C beschriebenen Stickstoffkopplungen

dominiert. ENDOR Studien erlaubten es, die vollständigen Hyperfeintensoren der β-CH2 Protonen

der ligandierenden Cysteine der D. vulgaris Miyazaki F Hydrogenase im Ni-L Zustand zu bestimmen.

Während die anistrope Hyperfeinkopplungskonstanten sich beim Übergang von Ni-C nach Ni-L kaum

ändern, verringerte sich für die Protonen am Cys549 die Grösse der isotropen Hyperfeinkopplungen

drastisch, um etwa 3-4 MHz. Dies wurde dahingehend interpretiert, dass sich die Spindichte in diesem

Zustand von den Liganden mehr auf den Nickel verlagert hat. Im Rahmen dieser Arbeit wurden ausser-

dem die ENDOR Spektren der regulatorischen Hydrogenase aus R. eutropha im Ni-L und Ni-LA Zus-

tand im Detail analysiert. Ni-LA ist dabei das Intermediat des Übergangs vom Ni-L zum Ni-C Zustand.

Für beide Zustände wurden die Hauptwerte und die Orientierung von jeweils drei Hyperfeintensoren

relativ zum g-Tensor bestimmt. Unter der Annahme, dass sich die g-Tensororientierungen in den Ni-L

Zuständen der R. eutropha Hydrogenase und der der D. vulgaris Miyazaki F Hydrogenase ähnlich sind,

wurden diese Tensoren im Ni-L Zustand zu zwei β-CH2 Protonen am verbrückenden Cystein und ein

Tensor zu dem am terminalen Cystein zugeordnet. Der Ni-C und der Ni-L Zustand der R. eutropha

Hydrogenase zeigen wie auch die D. vulgaris Miyazaki F Hydrogenase ähnliche Hyperfeintensororien-

tierungen. Im Ni-LA Zustand hingegen konnte unter dieser Annahme eine davon abweichende Zurord-

nung gemacht werden: zwei Tensoren wurden β-CH2 Protonen an zwei verschiedenen verbrückenden

Cysteinen zugeschrieben und eine dem β-CH2 Proton eines terminalen Cysteins. Als Erklärung dafür

wurde eine Drehung des g-Tensors in diesem Zustand um etwa 30-50
�

, im Vergleich zum Ni-L Zustand

der D. vulgaris Miyazaki F Hydrogenase, vorgeschlagen.

Ausblick. Zahlreiche Aspekte der elektronischen, wie auch der geometrischen Struktur der Interme-

diate des aktiven Zentrums von [NiFe]-Hydrogenasen wurden im Rahmen dieser Arbeit aufgeklärt.

Dennoch bleiben noch viele Fragen offen. Es gibt Hinweise auf einen µ-Hydroxo Liganden im Ni-B

Zustand, damit also auch auf eine verbrückende Sauerstoffspezies im Ni-A Zustand in der D. vul-

garis Miyazaki F Hydrogenase. 17O-ENDOR Untersuchungen (Q-Band) würden nicht nur die chemis-

che Natur des Brückenliganden eindeutig nachweisen, sondern auch noch zusätzliche Daten über die

elektronische Struktur dieser Zustände liefern. HYSCORE Experimente am reinen Ni-A Zustand

und deren Analyse würden den Protonierungsgrad des Brückenliganden im Ni-A Zustand aufklären.
15N-Isotopenmarkierung würde bei der Identifizierung weiterer, kleinerer H/D austauschbarer Kop-

plungen am aktiven Zentrum helfen. 61Ni-ENDOR Untersuchungen (Q-Band) oder Einkristall-EPR-

Untersuchungen an 61Ni-isotopenmarkierten Proben würden schliesslich die vollständigen Hyperfein-

tensoren für alle Intermediate der [NiFe]-Hydrogenase liefern.

Die Dichtefunktionaltheorie hat Vorschläge für die Stukturen der Intermediate des Katalysezyklus’

geliefert und sich damit als wertvolles Werkzeug für ein tiefergreifendes Verständnis der heterolytischen

Wasserstoffspaltung erwiesen. Die Ergebnisse dieser Arbeit zeigen jedoch, dass für genauere Berech-
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nungen zusätzlich auch noch die direkte Proteinumgebung des aktiven Zentrums in Zukunft mit be-

rücksichtigt werden müssen und das nicht nur für die oxidierten [142], sondern auch für die reduzierten

Zustände.

Sobald ein effizientes Mutagenesesystem für die D. vulgaris Miyazaki F Hydrogenase zugänglich

ist, bieten sich gute Aussichten für Studien zur Aufklärung weiterer Details des Reaktionsmechanis-

mus’. Einerseits wäre es unter Umständen möglich, spektroskopisch leichter zugängliche Mutanten zu

erzeugen, als den Wildtypen, der im reduzierten Zustand spingekoppelte Eisenschwefelcluster aufweist.

Ausserdem könnten die Funktionen der in den verschiedenen Sequenzen konservierten Aminosäuren in

der Nähe des aktiven Zentrums, zum Beispiel auch in der Nähe der Protonen- oder Gaskanäle aufgeklärt

werden. Darüberhinaus würde sich auch die Möglichkeit bieten, durch gezielten Aminosäureaustausch

in der Umgebung der Eisenschwefelclusters Details über den bisher noch nicht verstandenen Elektro-

nentransfer vom Ort der Substratspaltung, bis hin zum physiologischen Redoxpartner aufzuklären.
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[42] Zaborosch C., Köster M., Bill E., Schneider K., Schlegel H.G., Trautwein A.X. EPR and Mössbauer
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[78] Geßner C. NiFe-Hydrogenasen: Beiträge der EPR-Spektroskopie zur Strukturaufklärung des aktiven Zen-

trums. Phd, Technische Universität Berlin, Berlin, Germany, 1996.

[79] Trofanchuk O., Stein M., Geßner C., Lendzian F., Higuchi Y., Lubitz W. Single crystal EPR studies of the

oxidized active site of [NiFe] hydrogenase from Desulfovibrio vulgaris Miyazaki F. J. Biol. Inorg. Chem.,

5:36–44, 2000.

[80] Coyle C.I., Stiefel E.I. The Bioinorganic chemistry of nickel, chapter 1 ”The Coordination chemistry of

nickel: An Introductory survey”, pages 1–28. VCH, New York, 1988.

[81] Stein M., Lubitz W. DFT Calculations of the Electronic Structure of the Paramagnetic States Ni-A, Ni-B

and Ni-C of [NiFe] Hydrogenase. Phys. Chem. Chem. Phys., 3:2668–2675, 2001.

[82] De Gioia L., Fantucci P., Guigliarelli B., Bertrand, P. Ni-Fe hydrogenases: A density functional theory

study of active site models . Inorg. Chem., 38:2658–2662, 1999.

[83] Fan H.J., Hall M.B. Recent theoretical predictions of the active site for the observed forms in the catalytic

cycle of Ni-Fe hydrogenase. J. Biol. Inorg. Chem., 6:467–473, 2001.

[84] Stein M., Lubitz W. Quantum chemical calculations of [NiFe] hydrogenase. Curr. Opin. Chem. Biol.,

6:243–249, 2002.

[85] Geßner C., Trofanchuk O., Kawagoe K., Higuchi Y., Yasuoka N., Lubitz W. Single crystal EPR study of

the Ni center of NiFe hydrogenase. Chem. Phys. Lett., 256:518–524, 1996.

[86] Poole C.P., Farach H.A. Theory of magnetic resonance. Wiley & Sons, , 1987.

[87] Atherton N.M. Principles of Electron Spin Resonance. Ellis Horwood Ltd, New York, 1993.

[88] Weil J.A., Bolton J.R., Wertz J.E. Electron Paramagnetic Resonance. Jon Wiley & Sons, Inc., New York,

1994.

[89] Pilbrow J.R. Transition ion electron paramagnetic resonance. Clarendo Press, Oxford, 1990.

[90] Brill A.S., Fiamingo F.G., Gerstmann B.S. Electronic paramagnetism in biomolecular structure and func-

tion. Am. J. Phys., 63:1096–1114, 1995.



BIBLIOGRAPHY 147

[91] Palmer G. The electron paramagnetic resonance of metalloproteins. Biochem. Soc. Trans., 13:548–560,

1985.

[92] Schweiger A. and Jeschke G. Principles of pulse electron paramagnetic resonance. Oxford University

Press, New York, 2001.

[93] Fan C.L., Gorst C.M., Ragsdale S.W., Hoffman B.M. Characterization of the Ni-Fe-C complex formed by

reaction of carbon monoxide with the carbon monoxide dehydrogenase from Clostridium thermoaceticum

by Q-band ENDOR. Biochemistry, 30:431–435, 1991.

[94] DeRose V.J., Liu K.E., Lippard S.J., Hoffman B.M. Investigation of the Dinuclear Fe Center of Methane

Monooxygenase by Advanced Paramagnetic Resonance Techniques: On the Geometry of DMSO Binding.

J. Am. Chem. Soc., 118:121–134, 1996.

[95] Randall D.W., Gelasco A., Caudle M.T., Pecoraro V.L., Britt R.D. ESE-ENDOR and ESEEM charac-

terization of water and methanol ligation to a dinuclear Mn(III)Mn(IV) complex. J. Am. Chem. Soc.,

119:4481–4491, 1997.

[96] Fiege R., Zweygart W., Bittl R., Adir N., Geiken B., Renger G., Lubitz W. EPR and ENDOR studies of

the water oxidizing complex in photosystem II. Photosyn. Res., 48:227–237, 1996.
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Ausbildung:

1977 - 1980 Grundschule Wiestorschule, Überlingen
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