
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Activation and sensing of hydrogen in nature

Bleijlevens, B.

Publication date
2002
Document Version
Final published version

Link to publication

Citation for published version (APA):
Bleijlevens, B. (2002). Activation and sensing of hydrogen in nature. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/activation-and-sensing-of-hydrogen-in-nature(1862f708-5bf7-4ab0-bbe3-20344d5fb46a).html


Activationn and sensing of hydrogen in nature 

Boriss Bleijlevens 



Stellingenn bij  het proefschrift 'Activatio n and sensing of hydrogen in nature'. 

1)) Het actieve centrum van standaard [NiFe] hydrogenases bestaat uit twee eiwitgecoördineerde 
metaalionen,, drie diatomaire liganden en een ijzer-zwavel cluster die tezamen functioneren als één 
entiteit. . 

2)) Het voorkomen van het Ni1*  ion in de 'high-spin' (S = 1) toestand in [NiFe] hydrogenases zou een 
roll  kunnen spelen in het ontkoppelen van de twee elektronen die, na de heterolytische splitsing van H2, 
vrijkomenn bij de oxidatie van het hydride. Dit proefschrift, Wang, H.X. et aL (2000) f. Am. Chem. Soc. 122, 
10544-10552. . 

3)) De functie van het 'drie-ijzer*  cluster in standaard [NiFe] hydrogenases in het intramolecuiair 
elektronentransportt kan niet bestudeerd worden door de H2 oxidatie te meten met een artificiële 
elektronenacceptor.. Rousset, M. et al (1998) Proc NatL Acad. Sci. USA 95,11625-11630. 

4)) De infrarood vibratie van het intrinsieke CO ligand in het actieve centrum van [NiFe] hydrogenases 
iss gevoelig voor de redoxtoestand van het proximale ijzer-zwavel cluster. Dit proefschrift, DeLacey, A.L. et 
alal (2002) ƒ. BioL Inorg. Chem. 7,318-326. 

5)) Het regulerend hydrogenase (RH) van Ralstonia eutropha kan, gezien de zeer geringe specifieke 
activiteit,, beter geen enzym genoemd worden. Dit proefschrift. 

6a)) De term 'eiwitbepaling' is misleidend in de zin dat het resultaat ervan niet meer is dan een indicatie 
vann de daadwerkelijke eiwitconcentratie in een monster. 
6b)) Een schatting op het (geoefend) oog van de concentratie van een chromofoor bevattend eiwit is net 
zoo accuraat als de uitkomst van een van de beschikbare eiwitbepalingen. 

7)) Studies naar de 'Franse paradox', de correlatie tussen het drinken van wijn en een verlaagd risico op 
hart-- en vaatziekten, veronachtzamen steevast de positieve psychologische effecten van het nuttigen 
vann een goed glas wijn. Corder, R. et al, (2001) Nature 414,863-864. 

8)) In een poging haar te begrijpen houden biospectroscopisten de natuur tegen het licht. 

9)) Meten leidt niet noodzakelijkerwijs tot weten. 

10)) De Nederlandse justitie heeft haar buik vol van bolletjesslikkers. 

Boriss Bleijlevens, Amsterdam, 2002. 





Activationn and sensing of hydrogen in nature 

ACADEMISC HH PROEFSCHRIFT 

terr  verkrijgin g van de graad van doctor 

aann de Universiteit van Amsterdam 

opp gezag van de Rector  Magnificus prof. mr. P.F. van der  Heijden 

tenn overstaan van een door  het College voor  Promoties ingestelde commissie 

inn het openbaar  te verdedigen in de Aula der  Universiteit 

opp vrijda g 18 oktober  2002, te 14:00 uur 

door r 

Boriss Bleijlevens 

Geborenn te Heerlen 



ActivationActivation and sensing of hydrogen in nature 

PROMOTIECOMMISSI E E 

Promotor. . 

Co-promotor: : 

Overigee leden: 

prof.. dr. R. Wever 

dr.. S.P.J. Albracht 

prof.. dr. B. Friedrich 

prof.. dr. W.R. Hagen 

prof.. dr. K.J. Hellingwerf 

prof.. dr. K. van Dam 

dr.. A.J. Pierik 

ISBN:: 90-9016166-x 

NUR:: 915 

Thee research reported in this thesis was conducted at the E.C. Slater Institute and continued at the 

Swammerdamm Institute for Life Sciences as from January l" , 2000. 

Faculteitt der Natuurwetenschappen, Wiskunde en Informatica, Universiteit van Amsterdam 

Facultyy of Science, University of Amsterdam. 

Partt of the presented research was financed by the European Community via COST Action 818: 'Hydrogenases 

andd environmental biotechnology' 

Printedd by Ipskamp Print Partners B.V., Enschede, The Netherlands 

2 2 



ActivationActivation and sensing of hydrogen in nature 

Tablee of contents 

Abbreviationss 5 

CHAPTERR 1 General introduction to [NiFe) hydrogenases 7 

CHAPTERR 2 The process of activation of the [NiFe] hydrogenase from AUochromatium 

vinosumvinosum studied with FTIR spectroscopy 33 

CHAPTERR 3 The [NiFe] hydrogenase from AUochromatium vinosum studied in EPR 

detectablee states: H/D exchange experiments that yield new information about 

thee structure of the active site 49 

CHAPTERR 4 A new form of the active-site nickel in the [NiFe] hydrogenase from 

AUochromatiumAUochromatium vinosum 61 1 

CHAPTERR 5 The function of the hypX gene product in the maturation of the [NiFe] 

hydrogenasess of Ralstonia eutropha. The way the active site is shielded from 

oxygenn 75 

CHAPTERR 6 The H2 sensor of Ralstonia eutropha. Biochemical characteristics, spectroscopic 

properties,, and its interaction with a histidine protein kinase 99 

CHAPTERR 7 Involvement of hyp gene products in maturation of the H3-sensing [NiFe] 

hydrogenasee of Ralstonia eutropha 113 

CHAPTERR 8 Summary / Samenvatting 127 

Referencess 135 

Dankwoord d 143 3 

3 3 



ActivationActivation and sensing of hydrogen in nature 

4 4 



ActivationActivation and sensing of hydrogen in nature 

Abbreviations s 

AAS S 
BSA A 
BV V 
CAPSO O 
DCIP P 
E.C. . 
ENDOR R 
EPR R 
ESEEM M 
EXAFS S 
FMN N 
FTIR R 
GTP P 
MB B 
MBH H 
MCT T 

MES S 
MOPS S 
MV V 
NAD* * 
NADH H 
RH H 
RIXS S 
SH H 
SHE E 
Tris s 
XANES S 

XAS S 

atomicc absorption spectroscopy 
bovinee serum albumin 
benzyll  viologen 
3-cyclohexylamino-2-hydroxy-- 1-propanesulphonic acid 
2,6-dichlorophenolindophenol l 

enzymee commission 
electron-nuclearr double resonance 

electronn paramagnetic resonance 
electron-spinn echo envelope modulation 
extendedd X-ray absorption spectroscopy 
flavinn mononucleotide 
Fourierr transform infrared 
guanosinee S'-triphosphate 
methylenee blue 
membrane-boundd hydrogenase 
mercuryy cadmium telluride 
2-morpholinoethanesulphonicc acid 
morpholinopropanesulphonicc acid 
methyll  viologen 
nicotineamidee adenine dinudeotide 
dihydronicotineamidee adenine dinudeotide 
regulatoryy hydrogenase 
resonantt inelastic X-ray scattering 
solublee hydrogenase 
standardd hydrogen electrode 
tris(hydroxymethyl)aminomethane e 

X-rayy absorption near-edge structure 
X-rayy absorption 

5 5 



ActivationActivation and sensing of hydrogen in nature 

6 6 



One One 

Generall  introduction to [NiFe] hydrogenases 



GeneralGeneral introduction to [NiFe] hydrogenases 

1.11 Standard [NiFe] hydrogenases 

1.1.11 Biochemical properties 10 

1.1.22 Structural properties 11 

1.1.33 Spectroscopic properties 13 

1.1.44 Theoretical studies 20 

1.22 Oxygen tolerant [NiFe] hydrogenases 22 

1.2.11 Biochemical properties 22 

1.2.22 Spectroscopic properties 23 

1.33 [NiFe] hydrogenases that 'sense' hydrogen 25 

1.3.11 Hj-signal transduction 25 

1.3.22 Initial spectroscopic analysis 26 

1.44 Maturatio n of [NiFe] hydrogenases 27 

1.4.11 The gene products involved in active-site assembly and their putative functions 27 

1.4.22 Model for active site assembly 28 

1.4.33 Translocation of periplasmic [NiFe) hydrogenases 30 

1.55 Outline of this thesis 31 

8 8 



ChapterChapter one 

Inn the nineteenth century it was already known that certain bacteria in river mud are able to 

decomposee formate into carbon dioxide and hydrogen gas (Hoppe-Seyler, 1887). Bacterial cultures 

involvedd in this process were isolated in the early beginning of the twentieth century which led to the 

recognitionn of the important role of molecular hydrogen in the metabolism of a range of bacteria. In 

thee 1930's, Stephenson and Stickland proposed to name the enzyme system responsible for hydrogen 

metabolismm in Escherichia coli 'hydrogenase' (Stephenson, 1931). 

Hydrogenasess catalyse one of the simplest reactions in nature, the (reversible) conversion of hydrogen 

intoo two protons and two electrons: H2 *-+ 2H+ + 2e'. Enzymes, as biological catalysts, lower the 

activationn energy of a chemical reaction thus accelerating the rate of the reaction, but they do not 

changee the chemical equilibrium. This means that hydrogenases can both consume and produce H2, 

dependingg on the conditions. Bacterial cells benefit from the uptake-activity of hydrogenases through 

thee formation of reducing equivalents required for the cell's metabolism. The soluble hydrogenase 

fromm Ralstonia eutropha, for example, uses the electrons produced by H2 oxidation for the reduction 

off  NAD* to NADH. On the other hand, bacteria can get rid of excess protons via reproduction 

catalysedd by hydrogenases. For example, the function of the [NiFe] hydrogenase from Thiobacittus 

ferrooxidans,ferrooxidans, a bacterium that lives in acidic surroundings, is postulated to be the removal of excess 

protonss from the cytoplasm by the production of H r This activity helps to maintain a proton gradient 

overr the cytoplasmic membrane and allows the bacterium to survive such harsh conditions. 

Althoughh the family of hydrogenases consists of [NiFe] hydrogenases, [Fe] hydrogenases and a metal-

freee hydrogenase, the nickel-containing hydrogenases are the most abundant and the most extensively 

studiedd examples of hydrogen-metabolising enzymes. The interest in [Fe] hydrogenases has strongly 

increasedd recently, mainly due to two recent, simultaneous publications of high-resolution crystal 

structuress of the [Fe] hydrogenases from Clostridium pasteunanum and Desulfovibrio desulfuricans 

(Peters,(Peters, 1998; Nicolet, 1999). A recent overview of the [Fe] hydrogenase literature is presented in 

(Adams,(Adams, 2000). The status of the research on the metal-free hydrogenase is reviewed in (Berkessel, 

2001).2001). A general overview of the research on all types of hydrogenases can be found in a recent book 

onn this topic (Cammack, 2001). 

Inn the first part of this overview I will address the properties of prototypic [NiFe] hydrogenases like 

thee ones from Desulfovibrio gigas and Allochromatium vinosum. These are highly similar enzymes, 

containingg identical cofactors and displaying similar spectroscopic features. An overview of the 

informationn gathered in the past decades from spectroscopic and structural studies is presented. In the 

secondd part oxygen-tolerant [NiFe] hydrogenases will be described. These enzymes are able to oxidise 

H33 under aerobic conditions and contrary to the standard hydrogenases, they are not inhibited by 

carbonn monoxide. A very new class of [NiFe] hydrogenases are the H,-sensing hydrogenases described 

inn part three. The main task of these hydrogenases is not to oxidise hydrogen butt to sense if H, is 

present,, in which case the whole machinery that is required for the proper biosynthesis of the H3-

oxidisingg hydrogenases, is switched on. Finally, the complex protein machinery that is required for 

correctt active-site assembly is described in part four. After assembly and processing in the cytosol, the 

periplasmicc [NiFe] hydrogenases utilise a novel type of translocation machinery to cross the 

membrane:: the so-called TAT (twin-arginine translocation) pathway. This system is also briefly 

describedd in the last part of this introduction. 
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1.11 Standard [NiFe] hydrogenases 

AA variety of [NiFe] hydrogenases belongs to the group of standard hydrogenases (e.g. ferredoxin:Ff 

oxidoreductase,, E.C. 1.18.99.1; cytochromê hydrogenase, E.C. 1.12.2.1), although nowhere the 

exactt prerequisites for such a qualification are defined. Mostly, the definition is used in the way that if 

thee enzyme described has similar properties as the rest of the well-studied hydrogenases it is grouped 

inn the class of standard hydrogenases. In practice this means that any new member is compared to the 

mostt extensively studied enzymes like the [NiFe] hydrogenases from D. gigas and A. vinosum. From 

thee biochemical and spectroscopic point of view, the [NiFe] hydrogenases from these sources are very 

similar,, as will be described in this part. 

1.1.11 Biochemical properties 

Thee prototypic [NiFe] hydrogenases share the basic biochemical characteristics. They consist of two 

subunits,, a large one of approximately 60 kDa and a small one of about 30 kDa and contain 12 Fe 

atomss per 1 Ni atom. The large subunit harbours the active site, whichh consists of two metal ions, a Ni 

andd an Fe ion. The small subunit contains three Fe-S clusters, two [4Fe-4S] clusters and one [3Fe-4S] 

cluster.. A large number of amino acid sequences of [NiFe] hydrogenases have been determined from 

thee structural genes encoding the two subunits. Analysis of their sequence similarities revealed that the 

[NiFe]]  site-binding, large subunits are fairly conserved but that the sequences of the Fe-S cluster-

binding,, small subunits show comparatively more variation (Albracht, 1994). In some cases one of the 

cysteinss that coordinates the active site is replaced by a selenocystein. The resulting hydrogenase is 

namedd a [NiFeSe] hydrogenase. 

H,-oxidationn occurs heterolytically which means that H2 is split into a hydron (H+) and a hydride (H) 

(Krasna,(Krasna, 1954). The specific activity of active [NiFe] hydrogenases from D. gigas with a redox dye like 

methyll  viologen is 300 Units/mg at pH 8.5 and at 30°C (Fernandez, 1985). This value is generally 

foundd for the Hruptake activity of standard [NiFe] hydrogenases using a redox dye as electron 

acceptor,, and corresponds to a turnover number of about 450 s'. However, provided [NiFe] 

hydrogenasess can dispose of produced electrons quick enough, their Hroxidising activity is limited by 

H22 diffusion. For the A. vinosum MBH immobilised at the surface of a fast-rotating graphite electrode, 

turnoverr numbers of 103 -10*  s' have been measured (Pershad, 1999). 

AA general property of standard [NiFe] hydrogenases is that they are reversibly inactivated by 

oxygen,, which allows aerobic purification. After aerobic purification the enzyme is inactive 

andd (at least partially) EPR detectable. EPR detectable aerobic enzyme can be in two different 

states,, the 'unready' or the 'ready' state. The nomenclature of these states is based on its 

behaviourr in an activity assay: enzyme in the 'ready' (Nir*) state displays its activity after a 

shortt lagphase of 1 to 2 minutes whereas enzyme in the 'unready' state cannot activate under 

thesee conditions (Fernandez, 1985). Oxidised enzyme can be activated by prolonged 

incubationn under hydrogen, preferably at elevated temperature, a process known as 'reductive 

activation'.. Activation of A. vinosum [NiFe] hydrogenase could be prevented by cooling of the 

enzymee sample to 2°C (Coremans, 1992b). Obviously, H2 oxidation by these enzymes requires 
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anaerobicc conditions. Reduced, active [NiFe] hydrogenases are inhibited by carbon 

monoxidee (K r 30 uM) (Berlier, 1987). 

1.1.22 Structural properties 

ActiveActive site. Currently, six different [NiFe] hydrogenases from several sources and in various redox 

statess have been crystallised, yielding a wealth of structural information. The first structure that was 

solvedd and published in 1995 was the [NiFe] hydrogenase from D. gigas in an oxidised form. The 

resolutionn of this structure is 2.85 A and it shows the active site bound to the large subunit and deeply 

buriedd inside the protein. The active site is located very close to the contact surface of the large and the 

smalll  subunit and, surprisingly at the time, it contains two metal ions (Figure 1). One of them was 

identifiedd as a nickel ion, whose presence was already forecasted by spectroscopic studies and the 

secondd metal site was putatively assigned to contain iron (Volbeda, 1995). The bimetallic centre is 

attachedd to the protein via four cystein residues: two coordinate end-on to the Ni (Cys65 and Cys530) 

andd two thiols bridge the Ni and the Fe (Cys533 and Cys68). A third bridging ligand is proposed to be 

ann oxygen species (Figure 2). The Fe ion binds three diatomic non-protein ligands, initially modelled 

ass water ligands (LI, L2 & L3 in Figure 1, Volbeda, 1995). In a succeeding study the structure was 

refinedd to 2.54 A and the second metal was positively identified to be Fe by an X-ray study on the Fe 

absorptionn edge (Volbeda, 1996a). 

Inn an FTIR study on the A. vinosum enzyme in the CO-inhibited state, three absorptions were 

discoveredd in the 2100-1900 cm'1 region (Bagley, 1994). An FTIR study on [NiFe] hydrogenase 

purifiedd from A. vinosum cultivated on media enriched with '3C and/or 15N led to the identification of 

thee three non-protein ligands to Fe as one carbon monoxide and two cyanides (Figure 2, Happe, 1997; 

Pierik,Pierik, 1999). The presence of these ligands also explained the low-spin ferrous iron observed in the A. 

vinosumvinosum enzyme by Mössbauer spectroscopy (Surerus, 1994). 

Figuree 1. Array of the prosthetic groups in the [NiFe] hydrogenase from D. gigas. The diatomic molecules 
coordinatedd to the Fe site were modelled as water ligands (LI, L2 & L3). Reprinted with permission from 
Volbeda,Volbeda, Curr. Opin. Struct. Biol. 6, 804-812. Copyright 1996, Elsevier Science. 

Inn addition to the crystal structure of the D. gigas [NiFe] hydrogenase, the structures of similar 

hydrogenasess from different bacterial sources have been solved. All these structures but one show 

similarr features. The odd one out is the [NiFe] hydrogenase from Desulfovibrio vulgaris strain 

Miyazaki,, the X-ray structure of which has been solved at a resolution of 1.8 A (Higuchi, 1997). The 

generall  protein structure is similar to that of the D. gigas enzyme, but there are two clear differences in 
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interpretation.. Firstly, the bridging ligand, proposed to be an oxygen species in the D. gigas 

hydrogenase,, was modelled as a sulphur ligand in the enzyme from D. vulgaris (Higuchi, 1997). This 

assignmentt is supported by the observation that upon reduction with hydrogen the bridging ligand is 

removedd (Higuchi 1999a) and H2S is liberated from the enzyme (Higuchi, 1999b). Secondly, the three 

diatomicc non-protein ligands to the Fe site are modelled as SO, CO and CN' (Higuchi, 1997, 2000a). 

Thee characterisation of one of the diatomic ligands as a SO is rather controversial. The infrared 

spectrumm from this enzyme (Higuchi, 2000a) is very similar to those published for A. vinosum and D. 

gigasgigas [NiFe] hydrogenases (Bagley, 1994; Volbeda, 1996a). For the A. vinosum [NiFe] hydrogenase it 

hass unequivocally been demonstrated that the two absorption peaks in the cyanide region are caused 

byy the coupled vibrations of two cyanide ligands (Pierik, 1999). Nevertheless, in mass spectrometry 

experimentss on the D. vulgaris [NiFe] hydrogenase a peak attributable to SO has been observed 

(Higuchi,(Higuchi, 2000a) but this might originate from an oxidative degradation of, for example, cystein 

residuess in the enzyme. 

Figuree 2. Structure of the active site of standard [NiFe] hydrogenases. Adapted from Happe, 1997. 

Electron-Electron- and proton-transfer pathways. Since the active site is buried in the centre of the protein, 

electronss and protons must travel a distance of about 30 A between the active site and the surface of 

thee protein. To facilitate transport of these charged particles, [NiFe] hydrogenases contain specific 

transportt routes. The small subunit of the D. gigas [NiFe] hydrogenase contains three Fe-S clusters: 

twoo [4Fe-4S] clusters and one [3Fe-4S] cluster. They are in an almost linearly alignment from the 

activee site to the surface of the protein with an average cluster-to-cluster distance of 12 A (Volbeda, 

1995).1995). The proposed function of the Fe-S clusters is to transfer electrons from the active site to an 

electronn acceptor on the surface of the protein. The [4Fe-4S] cluster closest to the active site (-10 A 

fromfrom Ni) is named the proximal cluster. The [3Fe-4S] cluster is located between the proximal and the 

distall  cluster, which is the one closest to the surface of the molecule (Figure 1). Along with electrons, 

alsoo protons are produced in the oxidation of hydrogen. These protons also have to be transported to 

thee outside of the enzyme and a possible proton transport chain has been proposed in the crystal 

structuree of the D. gigas [NiFe] hydrogenase (Figure 1). Protons move inside proteins through 

displacementss of ca. 1 A that are accommodated by small rotations and vibrations of proton donor 

andd acceptor groups like histidines, carboxylates and internal, structural water molecules. A possible 

protonn transport pathway has been recognised in the crystal structure from D. gigas hydrogenase but 

hass not yet been confirmed by experimental evidence. 

Hydrogen-gasHydrogen-gas accessibility to the active site. To allow hydrogen gas to enter the active site, the protein 

containss hydrophobic gas channels. The accessibility of these cavities was calculated for a probe radius 
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off  1 A, the size of an H2 molecule. Three orifices on the enzyme surface allow gases to enter and inside 

thee protein these three channels join to end near the Cys530 residue, close to the open binding place 

onn the Ni ion. Experimentally, the channels were visualised in the [NiFe] hydrogenase of Desulfuricans 

fructosovoransfructosovorans by exposing the protein crystals to Xenon gas under high pressure (9 bar). Xe has the 

abilityy to interact with protein and due to its high mass it can be detected in difference Fourier 

electronn density maps (Montet, 1998). This study shows ten Xe binding-sites in the calculated 

hydrophobicc cavities in the protein. Simulation of H2 diffusion through the protein to the active site 

usingg molecular dynamics shows that the H2 molecules never diffuse randomly through the protein 

butt instead always diffuse through the calculated hydrophobic channels (Montet, 1998). 

CrystalCrystal structures of reduced enzyme. A [NiFeSe] hydrogenase from Desulfomicrobium baculatum, has 

beenn crystallised in the reduced state, in the presence of H2 (Garcin, 1999). The overall protein 

structuree is very similar to the structures published before, but there is one major difference: the 

bridgingg ligand, present in all structures of oxidised [NiFe] hydrogenases, is absent in the structure of 

thee reduced enzyme. A similar result was found for the D. vulgaris Miyazaki F [NiFe] hydrogenase 

(Higuchi,(Higuchi, 1999a) and the D. gigas gigas [NiFe] hydrogenase (Fontecilla-Camps, 2001) in the reduced states. 

Thiss shows that one of the steps involved in the activation process is the removal of the bridging 

ligand.. The D. vulgaris Miyazaki F hydrogenase has also been crystallised in the reduced, CO-inhibited 

statee (Higuchi, 2000b). The presented structure confirmed the assumption that the Ni ion is the 

bindingg site for CO. The CO molecule binds in an end-on way to the Ni ion, pointing towards the gas 

channel.. It thus blocks binding of H2 molecules to the active site and prevents enzyme activity. 

1.1.33 Spectroscopic properties 

Duee to the presence of various transition metals in [NiFe] hydrogenases, a variety of spectroscopic 

techniquess has been used to study both the structural and the redox properties of the metal-sites in 

thee protein. Applied techniques vary from well-established techniques like EPR to novel applications 

off  soft X-rays like L-edge spectroscopy. In this part a short overview is given on the development of 

thee spectroscopic studies on [NiFe] hydrogenases. 

ElectronElectron paramagnetic resonance (EPR) spectroscopy. Initially, hydrogenases were only recognised to 

containn Fe arranged in Fe-S clusters and EPR was mostly used to study the paramagnetic states of the 

Fe-SS clusters. In addition to EPR, also techniques like Mössbauer and UV-Vis spectroscopy were 

appliedd to investigate the characteristics of the Fe-S clusters. Mössbauer spectroscopy on oxidised 

[NiFe]]  hydrogenase from D. gigas enriched in wFe (7= 1/2) showed two diamagnetic (S = 0) [4Fe-

4S]2**  clusters (Teixeira, 1989). In addition, also a paramagnetic [3Fe-4S]'*  cluster was observed in the 

oxidisedd state (Teixeira, 1989). The rather isotropic EPR spectrum associated to this paramagnetic 

clusterr (5 = 1/2) was centred round g= 2 and showed a large amplitude. 
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Figuree 3. Overview of the EPR signals from the active site of A. 
vinosumvinosum hydrogenase. Top to bottom: the Ni„  signal; the Ni, 
signal;; the NirC' signal; the Ni,-C' signal split by the reduced 
proximall  Fe-S cluster; the Ni.'-CO signal; the Ni.'-CO signal split 
byy the reduced proximal Fe-S cluster; the Ni,-L' signal and the 
Ni.-L'' signal split by the reduced proximal Fe-S cluster. This 
figuree is reproduced from the thesis of J.W. van der Zwaan, 
Amsterdam,, 1987. 

Afterr incubation under H2 this intense signal disappeared and very broad signals due to reduced [4Fe-

4S]1**  clusters (S = 1/2) were observed (Cammack, 1982). The reduced [3Fe-4S] cluster is in an S = 2 

spin-state,, showing a low-field feature atg= 12 (Teixeira, 1989). The midpoint potentials of the two 

[4Fe-4S]]  clusters were found to be fairly low (-400 and -350 mV at pH 8 in the D. gigas hydrogenase 

(Teixeira,(Teixeira, 1989). That of the [3Fe-4S] cluster, however, was a lot higher at -35 mV (pH 7) in the D. 

gigasgigas enzyme (Cammack, 1982). 

Inn the first low-temperature EPR studies, the signal due to a nickel-based unpaired electron was 

overlookedd (Strekas, 1980). Since the rhombic signal only showed a relatively small amplitude, the Ni 

signall  was overshadowed by the fairly intense signal of the oxidised [3Fe-4S] cluster. Only in 1982 the 

unequivocall  proof for the presence of Ni in the enzyme was presented (Albracht, 1982). The EPR 

spectrumm of the [NiFe] hydrogenase of Methanobacterium thermoautotrophicum strain Marburg 

(nowadayss named Methanothermobacter marburgensis) enriched in "Ni (I = 3/2) showed a clear 

broadeningg of the gx line (at 2.31) and split lines at 2.24 (gr) and 2.01 (&). After incubation of the 

enzymee with H2 this signal disappeared, for the first time indicating a redox active Ni site in this 

enzyme.. An EPR study on the [NiFe] hydrogenase of Wollinella succinogenes enriched in 33S (I = 3/2) 

showedd that enrichment in this nucleus clearly broadened both the spectrum of the oxidised [3Fe-4S] 

clusterr and the spectra in the oxidised and reduced EPR detectable states (Albracht, 1986). From this 

hyperfinee interaction it was concluded that the Ni-site was coordinated by at least one, probably 

more,, sulphur ligands in the active site and that the unpaired electron from Ni was partly localised on 

thee neighbouring sulphur atoms (Albracht, 1986). 
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Ass described already the Ni site is redox active and, when oxidised, can occur in different states: the 

Nir**  and the NiB' state, both showing EPR spectra associated with a Niï+ (3d7) ion. Their EPR spectra 

aree rather similar and mainly differ in their gr value: 2.16 in the Nir' and 2.24 in the NiB*  state (see 

Figuree 3). Oxidation of active A. vinosutn MBH with O, enriched in l70 (nuclear spin, I = 5/2) caused 

aa broadening of the EPR signals of both the Nir' and the Niu' state (Van der Zwaan, 1990). It was 

concludedd that in both states an oxygen species, located near the Ni-based unpaired electron is 

blockingg the active site, preventing hydrogen oxidation. It is now generally accepted in the field that 

thiss ligand is the third bridging ligand observed in the crystal structures of oxidised enzyme. Recent 

ENDORR measurements on the [NiFe] hydrogenase from D. gigas oxidised in H,,70 showed that this 

oxygenn ligand can also originate from bulk water (Carepo, 2001). EPR spectroscopy on single crystals 

yieldss information about the orientations of the g-tensors. It was shown that the g-tensors were 

similarlyy oriented in both the Nir' and the Niu' state (Gefiner, 1996; Trofanchuk, 2000). 

Afterr reduction with H2, standard [NiFe] hydrogenases display a third EPR detectable state, called the 

Ni^C'' state (Van der Zwaan, 1985). The EPR spectrum of this state is slightly less rhombic (Figure 3, 

g^g  ̂ = 2.21,2.16,2.01) than those of the oxidised states and the Ni ion is thought to be 3+ in this state 

(Moura,(Moura, 1982; Happe, 1999). An interesting feature of enzyme in the Nit-C*  state is its light-sensitivity 

att low temperatures (Van der Zwaan, 1985). Upon illumination at low temperatures (<77 K) the 

spectrumm changes, its % values shifting to 2.30/2.28,2.11 and 2.045 (Figure 3), and the Ni rC' state is 

convertedd to the Ni,-L' state, a light-induced state. When the Nit-C' state is prepared in D20, the effect 

off  the illumination is six-fold slower. This isotope effect is indicative of the involvement of a 

photolabilee hydrogen species in this process. It is postulated that the conversion of Ni^C* to Nit-L* 

involvess a reduction of the Ni ion from Ni3+ to Ni1+ (Happe, 1999; Stein, 2001a), the required electrons 

beingg supplied by the photolysed hydride. The reduced states also show a split spectrum at low 

temperaturess due to the interaction with the reduced proximal Fe-S cluster (Figure 3). 

Fourier-transformFourier-transform infrared (FTIR) spectroscopy. As mentioned before, carbon monoxide is a potent 

inhibitorr of standard [NiFe] hydrogenases. In the case of CO-inhibited [NiFe] hydrogenases the Ni 

sitee is divalent and thus cannot be monitored by EPR (Van der Zwaan, 1986). In the early nineties, the 

AmsterdamAmsterdam group, in collaboration with Woodruff and co-workers in Los Alamos, decided to use 

FTIRR as a method to monitor the CO-inhibition of the [NiFe] hydrogenase from A. vinosum. Again 

serendipityy proved to be an important factor in science when, instead of the expected single peak due 

too the stretch vibration of the inhibiting CO, three extra peaks were detected in the region of 2100-

19000 cm"1 (Bagley, 1994). The use of "CO allowed the assignment of one of the smaller peaks (at 2060 

cm'1)) to the inhibiting CO (Bagley, 1994). The inhibiting CO molecule could be photolysed with white 

lightt at low temperatures (20 K), but apart from the removal of the absorption peak at 2060 cm'1 this 

hardlyy affected the remaining three absorptions (Bagley, 1994). After warming the sample to 200 K for 

moree than 10 min the original spectrum was regained, illustrating the reversibility of the photolysis. It 

wass also shown that oxidised [NiFe] hydrogenase, that had not been treated with CO, already showed 

threee absorption peaks, two smaller ones and a large one (Bagley, 1994). In a subsequent study it was 

shownn that the three intrinsic absorption bands were sensitive to changes in the redox state of the 

enzymee (Bagley, 1995). In Figure 4 an up-to-date overview is presented of the absorption bands and 
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howw they correlate to various redox states. Speculations about the nature of the peaks at the time 

includedd groups containing either triple bonds or adjacent double bonds, such as nitriles, cyanide or 

azidee groups (Bagley, 1995). Around the same time the first crystal structure was published (Volbeda, 

1995)1995) with its a binuclear active site and three non-protein ligands coordinated to the Fe site. These 

ligands,, modelled as water molecules, were considered potential candidates for the three IR detectable 

groupss (Bagley, 1995). A survey study of a large amount of metal-containing enzymes (e.g. CO-

dehydrogenase,, Complex I, ferredoxins, Rieske proteins) showed that the presence of these IR 

detectablee groups was restricted to [NiFe] and [Fe]-only hydrogenases from various sources (Van der 

Spek,Spek, 1996). At the same time it was also shown that the D. gigas [NiFe] hydrogenase used in the 

crystallisationn experiments, contained similar absorptions in this region of the IR (Volbeda, 1996a). 

Thee redox properties of the D. gigas hydrogenase were also studied using an electrochemical cell, 

clearlyy illustrating the dependency of the peak positions on the redox potential (De Lacey, 1997). A 

schematicc overview of FTIR spectra associated with various redox states of the A. vinosum [NiFe] 

hydrogenasee is presented in Figure 4. 
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Figuree 4. Overview of the CN' and CO stretching frequencies observed for the various states of the A. vinosum 
[NiFe]]  hydrogenase. The positions of the symmetric and anti-symmetric stretching frequencies of the coupled 
CN""  vibrations and of the stretching frequency of the CO vibrations are shown. The band due to exogenously 
boundd CO is depicted in grey. A similar but less detailed figure was published in Bagley, 1995. 

Inn order to establish the identity of the non-protein ligands, the [NiFe] hydrogenase from A. vinosum 

wass purified from a batch grown on a medium enriched in 13C: all three peaks shifted to lower 

wavenumberr indicating that carbon was a constituent of all three ligands. In the FTIR spectrum of A. 

vinosumvinosum [NiFe] hydrogenase purified from bacteria grown on a medium enriched in '5N only the two 

smallerr peaks displayed a shift to lower wavenumber (Happe, 1997). This showed that the low-

intensityy absorption bands were due to a diatomic ligand containing C and N. The observed shifts 
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weree reproduced using Hooke's law for an approximate harmonic oscillator for a CN' ligand. The 

masss of the counter atom of the group vibrating at 1944 cm'1 could also be calculated from the 

observedd spectral shift. The high-intensity absorption band at 1944 cm'1 turned out to be due to a CO 

ligand.. Taken together this resulted in a model in which two cyanides and one carbon monoxide 

causedd the observed absorption in the IR (Figure 2, Happe, 1997). A combination of the 

crystallographicc and the FTIR data lead to the proposal of the active site structure as depicted in 

Figuree 2. In a later study a quantitative chemical analysis showed that the A. vinosum [NiFe] 

hydrogenasee contained 1 CO and 2 CN' ligands per Ni atom (Pierik, 1999). Moreover, by enriching 

thee enzyme for only 50% with '5N, it was elegantly shown that the vibrations of the two cyanides are 

coupled,, resulting in a symmetric and an antisymmetric stretch vibration observed as two absorption 

peakss in the IR (Pierik, 1999). 

Combiningg the results of (mainly) EPR and FTIR spectroscopy yields the schematic overview of the 

identifiedd redox states. The most oxidised states are depicted at the top, the most reduced states at the 

bottom.. The inactive states are separated from the active states by an energy barrier. Information 

aboutt the number of electrons and protons involved in the various transitions was obtained from 

redoxx titrations. 
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Figuree 5. Overview of the identified redox states of the active site in the [NiFe] hydrogenase from A. vinosum as 
derivedd from redox titration experiments in the presence of redox mediators. The observed transitions involve 
bothh electrons (e) and protons (H*) as indicated on the left of the figure. Reduced states can also rapidly interact 
withh H2 as indicated on the right of the figure. Dotted arrows indicate a slow reaction. Similar states were 
observedd in D. gigas [NiFe] hydrogenase (DeLacey, 1997). An asterisk indicates an EPR-detectable state, S 
indicatess an EPR-silent state. 
Reprintedd with permission from Happe, Eur. J. Biochem. 259,602-608. Copyright 1999, FEBS. 

17 7 



GeneralGeneral introduction to [NiFe] hydrogenases 

X-rayX-ray absorption spectroscopy (XAS). The Ni centres of a number of [NiFe] hydrogenases from 

variouss sources have been studied with X-ray absorption spectroscopy. High-energy synchrotron 

radiationn (-8,300 eV) is used to photo-emit an electron from the K-edge from a Ni atom (or ion) to 

thee continuum. An advantage of this technique over, for example, EPR is that the ion of interest can 

alwayss be detected, irrespective of its valence state. To obtain informative data, however, rather 

homogeneouss redox states (>80%) are required. Another problem with XAS is that, if no structural 

dataa are available, it is difficult to account for changes observed in edge- or fine-structure. Structural 

informationn can be derived from pre-edge features and from the fine structure of the XAS spectrum. 

X-rayy absorption near edge structure (XANES) arises from spin-forbidden electron transitions like Is 

—  3d transitions. The intensity of this sort of transitions depends on the local symmetry around the 

metall  ion and therefore carries information about the structure. The extended X-ray absorption fine 

structuree (EXAFS) of the absorption edge is determined by the interference of the outgoing 

photoelectronn with the back-scattered photoelectrons by ligands around the metal. Thus, information 

aboutt the number and nature of the ligands and their respective distances to the metal-ion can be 

derivedd from thi s region of the XAS spectrum. 

Figuree 6. Left panel: overview of the Ni K-edge X-ray absorption spectra of the [NiFe] hydrogenase from A. 
vinosumvinosum poised in various redox states: Ni„' (Form A), Ni," (Form B), Ni„-S (SI,), Nit-S (SI,), Ni,-C" (Form C), 
Ni,-L'' (Form L), Ni,-SR (R) and Ni.-S-CO (SI-CO). Right panel: Fourier-transformed EXAFS regions of the 
spectraa in the left panel. 
Reprintedd with permission from Davidson, Biochemistry 39, 7468-7479. Copyright 2000, American Chemical 

Society. . 

Examinationn of Ni K-edge spectra from [NiFe] hydrogenase revealed only a small shift (~1 eV) 

betweenn the most oxidised and the fully reduced state (Bagyinka, 1993; Gu, 1996). In Figure 6, XAS 

dataa are presented for the A. vinosum [NiFe] hydrogenases poised in various redox states (Davidson, 

2000).2000). Also the EXAFS data for this enzyme in various states are shown in Figure 6. This elaborate 

study,, a collaboration of our laboratory with the group of Maroney, showed similar K-edge 
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absorptionn spectra for most of the redox states, indicating that the structure of the Ni site only slightly 

changess (Davidson, 2000). In model compounds a change in valence state of Ni is accompanied by a 

shiftt of the Ni K-edge of ~2 eV (Kirby, 1981; Maroney, 1991). The largest change in Ni K-edge, 

however,, was between the Nir' state and the one-electron reduced Nir-S state and was only 1.6 eV. This 

transitionn was also accompanied by a large change in the EXAFS region (Figure 6). Since this change 

couldd be modelled as the loss of an oxygen ligand at short distance from Ni (1.9 A) the Nir' to Nir-S 

transitionn was proposed to be the step in which the bridging ligand was removed and the enzyme 

activatedd (Davidson, 2000). 

AA rather new technique to study transition metals in proteins is L-edge X-ray absorption spectroscopy 

(Wang,(Wang, 2000). In this technique soft X-rays (-850 eV) are used to excited electrons from a 2p orbital 

too the 3d orbital. Since this transition is symmetry allowed, the observed absorptions are much more 

intense.. Therefore, one of the advantages of this technique is that less sample is required for L-edge 

XASS (20 pi, 200 pM) than for K-edge XAS (500 pi, 0.5-1.0 mM). L-edge XAS yields information 

aboutt both the valence state of the metal ion under study and its spin-state. The most extensively 

studiedd [NiFe] hydrogenase is thus far the one from D. gigas (Figure 7). It was poised in different 

redoxx states and, among other results, it was confirmed that the Ni ion in oxidised enzyme is in a low-

spinn 3+ state (Wang, 2000). A more interesting observation, however, was that in the CO-binding Nia-

S*COO state the divalent Ni ion was apparently in a high-spin state (Wang, 2000). The amount of 

evidencee supporting the occurrence of high-spin Ni(II ) centres in [NiFe] hydrogenase is increasing 

(Fan,(Fan, 2002; DeLacey, 2002). To increase the applicability of this technique, development of more 

sensitivee detectors and standardised measurement methods are being developed (Wang, 2001). 

S500 855 860 865 870 875 

Excitationn Energy (eV) 

Figuree 7. Examples of L-edge spectra from [NiFe] hydrogenases: (a) as-
isolatedd enzyme from D. gigas (solid line) compared with H2-reduced D. 
gigasgigas enzyme (dashed line); (b) as-isolated (dashed) and H2-reduced 
(solid)) enzyme from Desulfovibrio baculatus and (c) oxidised (dashed) 
andd Hj-reduced (solid) enzyme from Pyrococcus furiosus. 
Reprintedd with permission from Wang, J. Am. Chem. Soc. 122, 10544-
10552.. Copyright 2000, American Chemical Society. 
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1.1.44 Theoretical studies 

Withh the structural data in hand several groups started to calculate the lowest energy conformations 

forr the binuclear active site. The first study was published in 1998. In this study thee protein 

surroundingg the active site was completely ignored and the active site atoms were allowed to move 

freelyy through a gas phase to optimise the geometry to the lowest energy transition state required for 

thee oxidation of hydrogen (Pavlov, 1998). This initial study resulted in a highly unlikely mobility of 

onee of the cyanide groups and hence clearly illustrated the necessity of the incorporation of some 

structurall  constraints on the active site, as normally applied by the protein. In a later study this fact 

wass acknowledged and the ligands were fixed in space (Pavlov, 1999), in agreement with the geometry 

observedd in the crystal structure of reduced hydrogenase (Garcin, 1999). 

Thee significance of this latter premise was shown in a recent study (Fan, 2002). In this study the spin-

statee of the Ni ion in two of the EPR silent states (Ni,-S and Ni,-SR) was investigated. The active site 

wass modelled as Ni1*  (a 3d" ion) in the low-spin (LS, S = 0) and in the high-spin state (HS, S = 1). This 

showedd that, if the positions of the atoms weree restricted to the coordinates observed in the crystal 

structuree of enzyme in the reduced state, the complex lowest in energy, rather surprisingly, 

correspondedd to a HS state. The geometry of divalent four-coordinated Ni tends to be square planar 

andd this is also the geometry to which most of the proposed models for the silent states converge {see 

alsoo Fan, 2001). 

Calculationss based on density function theory (DFT) nowadays seem to be the general approach in 

thee theoretical studies (Niu, 1999,2001; Li, 2001). These involve geometry optimisations using the 

Beckee exchange and Lee-Yang-Parr correlation functionals (BLYP) in conjunction with a special basis 

sett for all atoms in the complex. The modelled complex usually consists of the active site metals, the 

binuclearr ligands and methylated sulphurs mimickingg the four cysteins that coordinate the active site 

too the protein. The total complex consists of approximately 30 atoms. From these DFT calculations, 

structurall  models have been predicted for numerous redox states of standard [NiFe] hydrogenases 

(Figuree 8). 

SteinStein etal. showed that the inclusion of relativistic effects in the calculations can likewise result in 

reasonablee estimations of g tensors and attendant valence states (3d' or 3d' ions) in the paramagnetic 

statess (Stein, 2001a). In another study on [NiFe] hydrogenases in the Ni,-C' state they showed that 

relativisticc DFT calculations can also yield estimates for atomic spin populations and hyperfine 

couplingg constants (Stein, 2001c). This is very useful since via this information also a non-specialist 

cann get some insight into the accuracy of the description of the active site by comparing the calculated 

parameterss to the available spectroscopic data. The general message of the foregoing is that a 

theoreticall  approach to the understanding of the catalytic mechanism of [NiFe] hydrogenases is 

certainlyy a useful one, but that great care must be taken that the proposed, calculated structures are in 

agreementt with the experimental data. 
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Figuree 8. Overview of the structures of [NiFe] hydrogenases proposed on the basis of DFT calculations. The 

nomenclaturee used in this figure is different from the nomenclature used throughout this thesis. Structures for 

thee following states are presented: Ni„ ' (Ni-A), Ni„-S (Ni-SU), Nir' (Ni-B), Nir-S (Ni-SR), Ni,-S (Ni-SIa), Ni.-C" 

(Ni-C),, Ni.-SR (Ni-R), Ni,-L" (Ni-L) and Ni.-S-CO (Ni-CO). The data were derived from Niu, 1999 and Li, 2001 

(1)) and from Stein, 2001a, 2001b, 2001c and 2001d (II) . Reprinted with permission from Stein, Curr. Opin. Chem. 

Biol.Biol. 6, 243-249. Copyright 2002, Elsevier Science. 
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1.22 Oxygen-tolerant [NiFe] hydrogenases 

Thee standard [NiFe] hydrogenases described before are only capable of catalysing the reversible 

heterolyticc dissociation of molecular hydrogen under anaerobic conditions. Some [NiFe] 

hydrogenases,, however, are able to catalyse this reaction in the presence of oxygen. Not only are they 

nott affected by oxygen, also CO, a common inhibitor of standard [NiFe] hydrogenases, does not seem 

too lower the activity of these enzymes. The soluble [NiFe] hydrogenase (SH) from the 

chemolithotrophicc bacterium R. eutropha is the best studied oxygen-tolerant hydrogenase and will be 

thee paradigm for oxygen tolerant hydrogenases in the following part. R. eutropha contains a second 

H2-oxidisingg enzyme, a membrane-associated periplasmic hydrogenase, the MBH. This enzyme is 

linkedd to the membrane via a &-type cytochrome that accepts the produced electrons and transfers 

themm to the electron transfer chain in the membrane. Since the MBH also functions under aerobic 

conditionss it is most probably, like the SH, able to oxidise H2 in the presence of 02. 

Tolerancee toward oxygen is a prerequisite for the hydrogenases from R. eutropha since this bacterium 

growss under aerobic conditions. R. eutropha can grow chemolithotrophically, using C02 as carbon 

sourcee and H2 as energy source (Schlegel, 1976). It is a so-called 'Knallgas' bacterium since it can 

reducee oxygen directly to water with the use of hydrogen: 2H2 + 02 -  2H20. Evidently, a hydrogenase 

thatt can function under these conditions must be able to withstand the presence of oxygen. As a 

matterr of fact, the manner in which the active site of the [NiFe] hydrogenase from R. eutropha is 

protectedd from oxygen is one of the topics addressed in this thesis. 

1.2.11 Biochemical properties 

Thee SH (hydrogen:NAD* oxidoreductase, E.C. 1.12.1.2) from R. eutropha is located in the cytoplasm 

off  the bacterial cell. It is a heterotetramer consisting of two separate domains: a hydrogenase and a 

diaphorasee domain, both dimers. The hydrogenase domain consists of a large subunit (54.8 kDa) 

harbouringg the binuclear active site, and a small subunit (22.9 kDa) containing a [4Fe-4S] cluster and 

aa domain to which an FMN moiety is rather loosely bound (Van der Linden, 2002). The second part of 

thee complex is the diaphorase domain also consisting of 2 subunits, a small one (26.0 kDa) with one 

[4Fe-4S]2+/itt cluster and a large one (66.8 kDa) containing a [2Fe-2S]2t"+ cluster, a [4Fe-4S]:+,!+ cluster 

andd the second FMN (Schneider, 1978; Erkens, 1996). Produced electrons are transferred to the FMN 

sitee via the Fe-S clusters where they are used to reduce NAD+ to NADH, providing reducing 

equivalentss to the organism. 

Aerobicallyy purified enzyme is initially inactive in a H2-uptake assay. Only after the addition of a small 

amountt of NADH (5 uM) it is reduced, and capable of oxidising H2. When NAD+ is used as electron 

acceptorr the specific activity is 60-80 U/mg (Schneider, 1979; Erkens, 1996). As mentioned before, the 

activityy of the enzyme is only slightly hampered by oxygen. Under a partial oxygen pressure of 60% 

(0.77 mM 02) the activity decreases less than 20% (Schneider, 1979). Carbon monoxide, a common 

inhibitorr of [NiFe] hydrogenases, has no effect at all on the activity of the enzyme (Schneider, 1979). 
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1.2.22 Spectroscopic properties 

Afterr aerobic purification the SH is in an oxidised, EPR silent state. Sometimes at low temperatures 

(<20K)) a small signal around g = 2 is observed (Schneider, 1979), but this represents only a very small 

percentagee of the enzyme molecules and is most probably due to an oxidatively damaged [4Fe-4S] 

cluster.. The active site, however, remains completely silent, contrary to observations in oxidised 

standardd hydrogenases where an EPR spectrum attributed to a Ni-based unpaired electron can be 

observedd (Albracht, 1982). 

Uponn reduction with hydrogen the Fe-S clusters become EPR detectable at low temperatures 

(Schneider,(Schneider, 1979). Incubation with excess NADH (5 to 10 mM) displays a signal from an unpaired 

electronn based on a Ni site, very similar to the Nia-C' state in standard [NiFe] hydrogenases (Schneider, 

1996)1996) that also displays the characteristic light sensitivity (Van der Zwaan, 1985). Optimisation and 

quantificationn of the signal, however, showed that only 0.24 spins per Ni ion could be detected 

(Happe,(Happe, 2000). 

Thee SH from R. eutropha is EPR silent in most states. It is therefore fortunate that, like standard 

[NiFe]]  hydrogenases, it shows absorption bands in the 2100-1900 cm'1 region of the infrared spectrum 

(Happe,(Happe, 2000). The frequencies of these absorption bands hardly responded to changes in the redox 

statee of the enzyme, though. Similar to the assignments made in standard hydrogenases, the more 

intensee band was assigned to an Fe coordinated CO molecule. The pattern in the cyanide region is 

somewhatt more complicated and seems to correspond to four (partly overlapping) absorption bands 

(Happe,(Happe, 2000). Since a quantitative chemical analysis yielded 4 CN' ligands per Ni (W. Roseboom and 

S.P.J.S.P.J. Albracht, unpublished result) and only one of the CN" absorption bands responded to reduction 

off  the enzyme, the model as presented in Figure 9 was proposed for the active site. 

Figuree 9. Active site of the 02-tolerant [NiFe] 
hydrogenasee from R. eutropha. Reprinted with 
permissionn from Happe, FEBS Lett, 466, 259-263. 
2000.2000. Copyright 2000, Federation of the European 
Biochemicall  Societies. 
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Figuree 10. Ni K-edge X-ray absorption data for 'as-isolated' (solid line) and NADH- and Hrreduced (dashed 
line)) samples of the [NiFe] hydrogenase from R. eutropha. a) edge region; b) Fourier-filtered EXAFS 
(backtransformm window = 1.1-2.6 A); c) Fourier-transform (k' weighting, k = 2.0-12.5 A"'). 
Reprintedd with permission from Gu,J.Am. Chem. Soc. 118, 11155-11165. Copyright 1996, American Chemical 
Society. . 

X-rayy absorption spectroscopy has been applied to study the properties of the EPR-silent Ni centre in 

SHH of R. eutropha (Figure 10). The observed Ni K-edge of SH in the as-isolated, oxidised state differs 

considerablyy from the Ni-edges measured in standard [NiFe] hydrogenases (Gu, 1996; Muller, 1997). 

Thee energy at half-height of the absorption edge is 8,341 eV, indicative of a divalent Ni centre, and the 

smalll  pre-edge features together with the edge-structure suggest a distorted octahedral coordination of 

nickel.. Reduction of the R. eutropha SH with excess NADH (10 mM) brings about large changes in the 

Nii  coordination (Gu, 1996; Muller, 1997). This change in ligand environment is also reflected in the 

EXAFSS analysis of the XAS spectra (Gu, 1996; Muller, 1997). 
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1.33 [NiFe] hydrogenases that 'sense' hydrogen 

AA very special [NiFe] hydrogenase has been identified in R. eutropha (Lenz, 1997). The function of this 

hydrogenasee is to sense H2 in the bacterial cell (Kleihues, 2000). If H2 is sensed, a signal is transmitted 

viaa a regulatory system and ultimately H2-consuming hydrogenases are transcribed (Lenz, 1998). 

Similarr gas-sensing systems that convert a molecular signal into a cellular response have been 

describedd for 02, CO and NO (for an overview see Chan, 2001). One example of an 02-sensing protein 

iss a heme-containing histidine protein kinase. The binding of the 02 molecule to the heme group 

inducess a high-spin to low-spin transition of the Fe2*  ion, which initiates signal transduction. Also in 

thee cases of CO and NO sensing the binding of the reporter molecule to a heme group, located in a 

PASS domain in the gas-sensing protein, initiates signal transduction. A different system for the sensing 

off  02 has been identified in E. coli where an Fe-S cluster conversion is the initiating step in signal 

transduction.. 02 induces the conversion of a [4Fe-4S]2*  cluster into a [2Fe-2S]2+ cluster (Kiley, 1999). 

Inn this part, a recently discovered regulatory system for H2 in R. eutropha is described. As it turns out, 

thee protein used to initially detect H2 is structurally very similar to standard H2-oxidising 

hydrogenases. . 

1.3.11 H2-signal transduction 

Hydrogenase-genee expression in R. eutropha is regulated by a H2-sensing multi-component regulatory 

systemm (Figure 11). One constituent of this regulatory system is a [NiFe] hydrogenase, designated a 

regulatoryy hydrogenase (RH) (Lenz, 1998). The RH is functional as a dimer, (RH)2, and the first step 

inn the signal transduction is the binding of H2 to its active site. The (RH)2 complex interacts with a 

two-componentt regulatory system consisting of a histidine protein kinase (HoxJ) and a response 

regulatorr (HoxA). The precise nature of this interaction is still unclear but it was recognised that HoxJ 

containedd a PAS domain, a domain predominantly found in proteins involved in signal transduction 

(Kleihues,(Kleihues, 2000). HoxA is negatively regulated by HoxJ, preventing hydrogenase gene expression in 

thee absence of H2. In the presence of H2, HoxJ is inactivated by the dephosphorylation of the His220 

residue,, which concomitantly results in the dephosphorylation of the Asp55 residue of the response 

regulatorr HoxA. Since the HoxA in its dephosphorylated form activates transcription, this ceases the 

negativee regulation by HoxA and transcription of the hydrogenase genes can occur. The hydrogen-

sensingg apparatus in R. eutropha has recently been reviewed in (Lenz, 2002). 

HoxB CC HoxJ * HoxA HyrJroflen»MG«n e 
Transcriptio n n 

S É P ~ ~^ ^ 
Figuree 11. Model of the H2-dependent signal transduction in R. eutropha. The figure is reprinted from Lenz, 

1998.1998. Details are described in the text. 
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1.3.22 Properties of the Regulatory Hydrogenase 

Homologuess of the RH in R. eutropha have been identified in Bradyrhizobium japonicum (Black, 1996) 

andd Rhodobacter capsulatus (Elsen, 1996). The RH protein of R. eutropha is a dimer  consisting of a 

largee subunit (HoxC, 52.4 kD) and a small subunit (HoxB, 36.5 kD). The primary structure contains 

almostt all conserved signatures for metal coordination in [NiFe] hydrogenases. For the RH of R. 

eutrophaeutropha the enzymatic and regulatory activity is shown to be dependent on Ni (Kleihues, 2000). Aside 

fromm these similarities to standard hydrogenases, the RH sequences display characteristics specific for 

regulatoryy hydrogenases. The lack of an N-terminal signal sequence to the small HoxB subunit 

indicatess a cytoplasmic localisation of the RH. The large subunit is also devoid of a C-terminal 

extension.. The small subunit contains a C-terminal extension of 54 to 55 amino acids including a 

stretchh of 22 hydrophobic residues absent in standard hydrogenases. It seems as if this C-terminal 

domainn is involved in linking the RH to its specific partners in signal transduction (Kleihues, 2000). 

Furthermore,, all regulatory hydrogenases contain an insertion of 10 residues in the small subunit 

(Kleihues,(Kleihues, 2000). 

Ann initial spectroscopic analysis of the R. eutropha RH was performed on crude extract from cells 

overproducingg RH in a strain lacking both the MBH and the SH (Pierik, 1998). The amount of RH in 

thee cell increased to such an extent that spectroscopic detection became possible. The sample was 

essentiallyy EPR silent in the aerobic, oxidised state. After exposure of the crude extract to H2 a Ni,-C 

signall  was observed in EPR spectra (Pierik, 1998). FTIR spectra of the crude extract showed that the 

RHH can occur in two redox states: an oxidised state (v(CO) at 1943 cm'1) similar to the Ni,-S state, and 

aa reduced state (v(CO) at 1962 cm') diat resembles the Ni,-C" state. Contrary to standard 

hydrogenases,, the RH could not be reduced any further than the Ni,-C* state, not could it be oxidised 

beyondd the Ni,-S state. 

Activityy measurements showed that the aerobic RH was able to immediately oxidise molecular 

hydrogenn using a redox dye as electron acceptor (Pierik, 1998). Also after addition of oxidising agents, 

immediatee Hroxidation occurred which indicates that the RH remains in an active state. The RH 

fromm R. capsulatus was shown to be able to bind H2 and showed HD-exchange activity (Vignais, 1997, 

2000).2000). However, the observed activities are two orders of magnitudes lower than observed in standard 

[NiFe]]  hydrogenases (Pierik, 1998; Vignais, 2000). 
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1.44 Maturatio n of [NiFe] hydrogenases 

Thee assembly of [NiFe] hydrogenase is a complex process. Mature hydrogenases contain an active site 

thatt holds two metal ions that bind several diatomic, non-protein ligands. In addition to this active 

centre,, they usually also harbour several Fe-S clusters to conduct electrons at or from the active site. 

Too assemble this rather complex structure consisting of protein, metal-cofactors and small organic 

ligands,, a set of helper proteins is required. These proteins are involved in processes like metal storage, 

active-sitee assembly and proteolytic processing. The properties of these helper proteins, as well as their 

rolee in the assembly of the active site, are described in this part. The maturation of [NiFe] 

hydrogenasess has recently been reviewed in (Casalot, 2001). 

Insteadd of in the cytoplasm, some [NiFe] hydrogenases exert their activity in the periplasm. To reach 

thee site of physiological function, they must be translocated over the cytosolic membrane. It turns out 

thatt the system involved in this process, the TAT system, is able to translocate fully folded and 

functionall  proteins over the cytosolic membrane. This remarkable accomplishment is described in the 

lastt part of this section. 

1.4.11 The gene products involved in active-site assembly and their  putative functions 

Severall  accessory genes involved in the maturation of [NiFe] hydrogenase have been identified in 

hydrogenase-containingg bacteria like £. colt (Lutz, 1991), Rhizobium leguminsarum (Hidalgo, 1992; 

Rey,Rey, 1993) and R. eutropha (Dernedde, 1993). The two hydrogenase operons on the 450-kb 

megaplasmidd pHG-1 of R. eutropha are depicted in Figure 12. These operons contain the structural 

geness that encode the MBH, the RH and the SH [NiFe] hydrogenases, a cassette of hyp genes and a 

numberr of genes functional in regulation. The hyp genes are probably co-transcribed and their 

productss are involved in the maturation and processing of all hydrogenases. Seven open reading 

framess are designated hypAl, hypBl, hypFl, hypC, hypD, hypE and hypX (Dernedde, 1993,1996). In R 

eutropha,eutropha, three of the hyp genes are duplicated and named hypA2, hypB2 and hypF2 (Wolf, 1998). 

Mostt hyp genes are conserved in [NiFe] hydrogenase-containing bacteria and exert a pleiotropic effect 

inn strains producing multiple hydrogenases (Jacobi, 1992; Dernedde, 1996a; Wolf, 1998). The functions 

off  most Hyp proteins in [NiFe] hydrogenase maturation are still unclear. In this part the properties of 

thee Hyp proteins as currently known are presented. 

Alll  Hyp proteins are soluble and located in the cytoplasm. The HypAl protein (110 amino acids; all 

proteinn sizes mentioned here are from the Hyp proteins of R. eutropha, from the study by Dernedde, 

1996a,1996a, unless mentioned otherwise) is a rather small and cysteine-rich protein. Four conserved 

cysteiness are arranged into two Cys-X2-Cys motifs (X = any amino acid), suggesting a binding site for 

ann Fe-S cluster. The HypBl protein (361 aa) carries an N-terminus rich in histidines, suggested to 

bindd divalent metal-ions (Dernedde, 1996a). A HypB homologue in E. coli was shown to contain a site 

forr GTP hydrolysis in the C-terminus (Maier, 1993), an activity required for Ni-insertion into [NiFe] 

hydrogenasee (Maier, 1995). A deletion of the hypB gene resulted in the formation of Ni-free 

hydrogenasee precursors (Dernedde, 1996a). The small HypC protein (90 aa) binds to the precursor of 

thee large subunit and is required for the incorporation of Ni (Dernedde, 1996a) although it contains 
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noo obvious metal-binding motif itself (Jacobi, 1992). HypD (379 aa) contains a Cys-X2-Cys-X,rCys-

X2-Cyss motif, and is therefore supposed to bind an Fe-S cluster (Dernedde, 1996a). Its role in the 

maturationn process is not yet understood. Deletion of Hyp E (351 aa) also results in a complete 

blockagee of the maturation process (Dernedde, 1996a). The HypF protein (394 aa) is absolutely 

requiredd for [NiFe] hydrogenase maturation (Dernedde, 1996a). A recent study shows that HypF in E. 

colicoli is functional in the incorporation of CO and CN" and that carbamoyl phosphate is a likely 

precursorr molecule for these ligands (Paschos, 2001). HypF contains a consensus pattern of acyl-

phosphatasess (Wolf, 1998) and a motif present in proteins that catalyse O-carbamoylations (Paschos, 

2001).2001). The HypX protein (597 aa, Lenz, 1994) has thus far only been found in (facultative) aerobic 

bacteriaa and has been proposed to participate in the generation and transport of the CO and CN' 

ligandss (Rey, 1996). Sequence comparison showed that HypX contains an N-terminal tetrahydrofolate 

(THF)) binding domain and it is therefore thought to play a role in the transfer of one-carbon species 

(Rey,(Rey, 1996). In addition, the C-terminus of HypX shows homologies to an enoyl-CoA 

hydratase/isomerase.. Nonetheless, a hypX deletion only results in decreased hydrogenase activity and 

iss not lethal (Rey, 1996; Buhrke, 1998). As mentioned before, R. eutropha contains duplicates of three 

off  the accessory proteins. The hypA2, hypB2 and hypF2 are located downstream the SH structural 

geness (Figure 12). These duplicates physiologically compensate for each other (Wolf, 1998). 

10000 bp 
MBHH Opero n SH Opero n 

fK»KK O Z ULOORT V ItoxA B C J «f luaF If r H Mr f 
finvHstt  n e t e x i ' HypAiBi FI 

II 11 II • — 11—I I V ' ' 
MBHH MBH-Specific Metaliocenter Regulation Nickel SH Metaliocenter 

Maturationn Assembly Permease | Assembly 
SH-Specific c 
Maturation n 

Figuree 12. Hydrogenase gene arrangement on the megaplasmid pHGl of R. eutropha. Hydrogenase structural 
geness (hox) are shown in black, genes involved in metaliocenter assembly (hyp) are shown in dotted boxes. Dr. 
O.. Lenz is acknowledged for the preparation of this figure. 

1.4.22 Model for  active-site assembly 

Inn the introductory part of this section it was already mentioned that the maturation of [NiFe] 

hydrogenasee is a complex process in which all of the accessory proteins described before play their 

role.. A cartoon of the maturation process in E. coli is presented in Figure 13. The earliest identified 

stepp in the maturation is the interaction of the precursor of the large subunit (pre-HycE in Figure 13) 

withh HypC (Drapal, 1998). In E. coli this complex forms in all hyp deletion mutants other than the 

hypChypC negative mutant (Magalon, 2000b). Site-directed mutagenesis experiments showed that the Ni-

bindingg Cys241 residue from the large subunit and the Cys2 residue of HypC are involved in the 

formationn of the pre-HycE-HypC complex (Magalon, 2000b). The likely idea is that HypC acts as a 

chaperonee in preventing the large-subunit precursor to incorporate Ni and fold properly. The pre-

HycE-HypCC complex has been shown to incorporate Ni as a late step in the maturation process 

(Magalon,(Magalon, 2000a). Before Ni-incorporation, the Fe-part of the active site is built and incorporated 

(Maier,(Maier, 1996a). Recent evidence indicates that carbamoyl phosphate is a precursor molecule for the 
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diatomicc ligands and that HypF plays an important 

rolee in the biosynthesis of the CO and CN ligands 

(Paschos,(Paschos, 2001). Since HypE, like HypF, is absolutely 

essentiall  for maturation and the two proteins have 

beenn shown to interact (Rain, 1994), HypE might assist 

HypFF in this step of the maturation. After the 

incorporationn of the Fe atom, for which no mechanism 

iss yet proposed, the Ni ion is delivered to the pre-

HycE-HypCC complex by the Ni-binding auxiliary 

proteinn HypB. A deletion of HypB results in the 

productionn of Ni-free precursors (Dernedde, 1996a). 

Thee insertion of Ni into the precursor is driven by GTP 

hydrolysiss (Maier, 1995). Only after the insertion of Ni 

intoo the protein the interaction between the large-

subunitt precursor and HypC is broken, and the Cys241 

residuee becomes available for the coordination of Ni 

(Magalon,(Magalon, 2000a). The final step in the maturation of 

[NiFe]]  hydrogenases is the proteolytic cleavage of the 

C-terminuss of the large-subunit precursor by a specific 

endopeptidasee (Menon, 1993; Rossmann, 1994). The 

endopeptidasess involved in the final processing step of 

thee R. eutropha SH and MBH are HoxW and HoxM, 

respectively.. The cleavage of the C-terminal domain 

fromfrom the large subunit is essential for the proper 

formationn of a mature hydrogenase (Massanz, 1997). 

Thee C-terminus seems to prevent the association of the 

smalll  and the large subunit until the maturation of the 

largee subunit is finished. After proteolysis, the large 

subunitt is allowed to fold to its final conformation, 

andd to associate with the small subunit. If the final 

destinationn of the mature hydrogenase is the 

membranee or the periplasm it is targeted to these 

locationss by an N-terminal signal sequence attached to 

thee small subunit. 

Figuree 13. Model for the maturation of the large subunit of [NiFe] hydrogenases. The nomenclature of E. coli 
hydrogenasess is used in this picture. Details are described in the text. Reprinted with permission from Casalot, 
TrendsTrends Microbiol. 9, 228-237. Copyright 2001, Elsevier Science. 
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1.4.33 Translocation of periplasmic [NiFe] hydrogenases 

[NiFe]]  hydrogenases exert their activities at different locations in bacterial cells. Some [NiFe] 

hydrogenasess are active in the cytosol of the bacterial cell; examples are the SH and the RH from R. 

eutrophaeutropha (Schneider, 1976) and the SH from  Nocardia opaca (Schneider, 1984). Many membrane-

boundd hydrogenases (MBH) are linked to the membrane via a 6-type cytochrome as shown for the 

MBHH of R. eutropha (Bernhard, 1997). Through this cytochrome the electrons, produced in the 

processs of H2-oxidation, are transferred to the electron-transfer chain in the membrane. The R. 

eutrophaeutropha MBH is active in the periplasmic space (Schink, 1979). Other examples of periplasmic MBHs 

includee the [NiFe] hydrogenases 1 and 2 from E. coli (Menon, 1990,1994). An example of a soluble 

periplasmicc hydrogenase is the standard [NiFe] hydrogenase from D. gigas (Li, 1987). In order to 

functionn properly, these enzymes do not only require proper assembly and processing, but they also 

needd to be targeted towards and across the cytosolic membrane. 

Translocationn of a soluble protein, a rather hydrophilic moiety, across a hydrophobic lipid bilayer 

requiress a lot of energy. The most commonn way to translocate proteins across the cytosolic membrane 

iss through a set of proteins that cooperate in a secretion machinery, the so-called Sec machinery (for a 

revieww see Driessen, 1994). An essential feature of this translocation pathway is that the preprotein is 

translocatedd as a chain, that is, in an unfolded manner. This implies that the preprotein cannot bind 

anyy cofactors during translocation by the Sec-machinery as this usually requires (partial) folding. 

Thus,, in this case further processing of proteins containing prosthetic groups must occur after 

translocation.. It was recognised that a lot of periplasmic cofactor-containing proteins contain a signal 

sequencee different from the Sec-pathway signal sequences (Berks, 1996). They are synthesised as 

precursorss with amino-terminal signal sequences that are much longer than those that target to the 

Sec-pathwayy and harbour the distinctive (Ser/Thr)-Arg-Axg-X-Phe-Leu-Lys motif, the so-called twin-

argininee sequence. It was shown that B-lactamase fused with a mutated signal sequence of the [NiFe] 

hydrogenasee from D. vulgaris (the first conserved Arg was mutated to Glu) was impaired in 

translocationn (Nivière, 1992). According to the authors, the Arg -+ Glu mutation is not expected to 

impairr translocation via the Sec-system, indicating that another export pathway must be involved. 

Thiss experiment for the first time illustrated the importance of this double- arginine conserved motif. 

Thee machinery that is able to translocate precursor proteins that contain this motif is designated the 

twin-argininee translocation or TAT machinery. In E. coli four genes {tatA, tatB, tatC and tatE) are 

identifiedd that encode components of the TAT translocase (Sargent, 2001) and all four components 

aree associated to the membrane (Berks, 2000). The group of cofactor-containing proteins that require 

thee TAT system for translocation is very divers. They may contain cofactors like various Fe-S clusters 

([2Fe-2S]]  or [4Fe-4S] clusters), metal sites (Ni, Cu, Mo) or organic cofactors like flavins or quinones 

(Berks,(Berks, 1996). 

Sincee the small subunit of periplasmic [NiFe] hydrogenases is synthesised carrying a twin-arginine 

signall  sequence, it was predicted that they also would use the TAT system for translocation. Indeed, 

replacementt of the essential Arg residues for Glu residues resulted in the blockage of the translocation 

off  the periplasmic menbrane-bound [NiFe] hydrogenase of Wollinella succinogenes (Gross, 1999). The 

catalyticallyy active, unprocessed precursor of the large subunit and the processed small subunit both 
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accumulatedd in the cytosol. This indicated that translocation of both the small and the large subunit 

dependss on the TAT system (Gross, 1999). Similarly, the preprotein (still containing the signal 

sequence)) of the membrane-bound [NiFe] hydrogenase from a R. eutropha strain impaired in the 

translocationn of TAT-dependent proteins, was detected in the cytoplasm in an active form (Bernhard, 

2000).2000). Heterologous expression of the tatA gene from Azotobacter chroococcum restored the transport 

overr the membrane of the MBH (Bernhard, 2000). Furthermore it is shown that the protein complex 

off  the small and the large subunit is targeted to the TAT system by the N-terminal signal sequence of 

thee small subunit and thatt both subunits are translocated simultaneously (Rodrigue, 1999). All these 

resultss suggest that periplasmic [NiFe] hydrogenases have their «factors incorporated prior to 

translocationn and that they are translocated in a fully folded, enzymatically active form. 

1.55 Outlin e of this thesis 

Ass mentioned before, different types of [NiFe] hydrogenases are described in this thesis. These 

metalloproteinss all contain similar active centres with different metal atoms: one Ni and one Fe. 

Furthermoree they contain several Fe-S clusters that function as an 'electrical wire', transporting 

electronss from the active centre to the surface of the molecule where the electrons are passed on to an 

electron-acceptingg partner molecule. In the first chapter an overview of the literature on [NiFe] 

hydrogenasee research is given. The subject of the second and third chapter is the [NiFe] hydrogenase 

fromm the purple photosynthetic bacterium A. vinosum. This hydrogenase can only oxidise hydrogen 

gass if no oxygen is present. In the presence of oxygen it reversibly inactivates. The process of 

(in)) activation is studied in chapter 2, using FTIR spectroscopy. In chapter 3, the nature of the ligand 

thatt blocks activity in the oxidised states is examined in more detail. A change in spectroscopic 

propertiess is described when oxidative inactivation in H20 and D20 is compared. In the following 

chapterr the A. vinosum MBH is oxidised in an unorthodox way. The resulting state, though inactive, 

showss spectroscopic similarities with enzyme in an active state. From these similarities the redox state 

andd the coordination of the Ni site in active enzyme are inferred. 

Thee remaining part of this thesis is devoted to [NiFe] hydrogenases from the bacterium R. eutropha. 

Thiss is a 'Knallgas' bacterium, which means that it can use a mixture of H2 and O, as an energy source. 

Therefore,, the hydrogenases it contains for the oxidation of H2 must be 02 tolerant. Chapter 5 

describess how the active site from the soluble hydrogenase (SH) from R. eutropha is protected from 

oxygen.. A helper protein is identified that modifies the active site as to prevent inactivation of the SH 

underr aerobic conditions. R. eutropha contains yet another hydrogenase, a regulatory hydrogenase 

(RH).. If this RH senses low concentrations of hydrogen gas, it generates a signal that induces the 

expressionn of H2-oxidising hydrogenases in the cell. This allows the bacterium to use H2 as a source of 

reducingg equivalents, required for its metabolism. Chapter 6 describes how the RH was purified and 

characterised.. The synthesis and maturation of a protein that contains so many cofactors is a complex 

phenomenon.. In chapter 7 the proteins involved in the active-site assembly are described and then-

rolee in the maturation of the RH is studied. Mutants impaired in the functions of the helper proteins 

aree constructed and the ability of these mutants to produce intact RH molecules is studied. Finally, a 

summaryy of the described work is presented in chapter 8. 
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ABSTRACT T 
Standardd [NiFe] hydrogenases can occur in numerous different redox states. Several oxidised, inactive 

statess are separated by an energy barrier from a number of reduced, active states. This barrier can be 

overcomee by a reductive activation. In the case of the membrane-bound [NiFe] hydrogenase from 

AllochromatiumAllochromatium vinosum this procedure involves incubation under hydrogen gas at elevated 

temperaturee for at least half an hour. In this study we correlate FTIR characteristics to activities of 

isolatedd redox states and present a model for the process of reductive activation. We identified two 

inactivee Nir-S states that are in acid-base equilibrium. The proposed model for reductive activation 

involvess the protonation of a hydroxide that is bound to the active site. The subsequent liberation of 

thee formed water molecule from the active site yields active enzyme. 
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Hydrogenasess are oxidoreductases that catalyse the reversible conversion of hydrogen gas to two 

protonss and two electrons. The membrane-bound [NiFe] hydrogenase (MBH) of AUochromalium 

vinosumvinosum is structurally very similar to the periplasmic hydrogenase of Desulfovibrio gigas. The crystal 

structuree of the latter enzyme has been determined to a resolution of 2.54 A (Volbeda, 1995,1996a). 

Bothh enzymes consist of a large subunit (-60 kDa) that contains the active site and a small subunit 

(-300 kDa) in which three iron-sulphur clusters are located in a virtually straight line: two [4Fe-4S]1+"t 

clusters,, one proximal and one distal relative to the active site, and a [3Fe-4S]1+/0 cluster in between. 

Thesee clusters most probably function as a 'wire' through which electrons can be transferred from the 

activee site to an electron acceptor at the molecule's surface. The binuclear active site consists of a 

nickell  and an iron atom bridged by the sulphurs of two cysteine residues; two terminal cysteines 

coordinatee to the Ni. The crystal structure further shows three diatomic, non-protein ligands bound 

too iron (Volbeda, 1995,1996a). 

Usually,, the nickel ion in the active site of as-isolated A. vinosum MBH is largely (>75%) in a 3+ 

oxidationn state and displays two different rhombic EPR spectra (Albracht, 1983) similar to the D. gigas 

enzymee (Cammack, 1986). These two inactive states are named the 'unready' (Niu" or Ni-A) and the 

'ready'' (Nir*  or Ni-B) state, because enzyme in the Niu*  state is only very slowly activated by hydrogen 

whilstt enzyme in the Nir" state is easily activated (Fernandez, 1985). To become active, [NiFe] 

hydrogenasess can be incubated in the presence of hydrogen (Berlier, 1982; Lisselo, 1984). Routinely, 

thee A. vinosum MBH is activated by exposing the enzyme to H2 at an elevated temperature (50°C). 

Thiss accelerates the 'reductive activation' process and ensures full activation of ready and unready 

enzymee (Coremans, 1992b). After activation, a third paramagnetic state can be observed: the Nit-C* 

state,, an active state that is optimally observed by partial reduction under 1% hydrogen at pH 6 (Van 

derder Zwaan, 1985; Coremans, 1992a). Under 100% hydrogen the Niê-C' state is in equilibrium with the 

fullyy reduced, EPR silent Nit-SR (Silent Reduced) states. An overview of all currently identified redox 

statess of the A. vinosum enzyme was presented in (Happe, 1999). An elaborate overview on all aspects 

off  hydrogenase research is presented in a recent book on this topic (Cammack, 2001). 

Inn cooperation with Bagley et al. the first FTIR spectroscopic study on CO-inhibited A. vinosum MBH 

wass performed (Bagley, 1994). Carbon monoxide is a competitive inhibitor of most [NiFe] 

hydrogenasess that was thought to bind at the active site Ni. One absorption band at 1960 cm'1 could 

positivelyy be attributed to the inhibiting CO molecule by inhibition with "CO and agreement of the 

observedd peak shift with the theoretically calculated value (Bagley, 1994). Surprisingly, a typical 

patternn of three infrared absorption bands in the 2100-1900 cm"' spectral region was observed in 

additionn to the exogenous CO absorption band (Bagley, 1994). The peak positions of these additional 

bandss shifted with the redox states of the enzyme (Bagley, 1995). Even more surprisingly, a 

comparativee study showed that absorption bands in the 2100-1900 cm'1 window were exclusively 

foundd in [NiFe] and [Fe] hydrogenases (Van der Spek, 1996). Isotopic labelling of A. vinosum MBH 

withh "C and "N showed that these absorptions could be attributed to two (vibrationally coupled) 

cyanidee ligands and one carbon monoxide ligand (Happe, 1997; Pierik, 1999). Similar bands with 

correspondingg properties were observed in the D. gigas [NiFe] hydrogenase (Volbeda, 1996a; DeLacey, 

1997).1997). The CN and CO ligands were subsequently assigned to the three diatomic molecules 
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coordinatedd to the Fe site. Since the FTIR characteristics of these ligands changed with redox changes 

inn the active site (Bagley, 1995; DeLacey, 1997) this provided us with a tool to study all redox states of 

[NiFe]]  hydrogenases, including the ones that were EPR silent. 

Inn this study, we present a survey of the redox states of the membrane-bound [NiFe] hydrogenase 

fromm A. vinosum. A new, inactive state is identified and a model for the (in)activation is presented. It is 

postulatedd that the bridging oxygen species in inactive enzyme has to be protonated to a water 

moleculee that can leave the active site to yield active enzyme. 

MATERIAL SS AND METHODS 

PurificationPurification of the A. vinosum MBH. A. vinosum (DSM 185) was grown in a 700 litre batch culture 

(Van(Van Heerikhuizen, 1981) in a medium essentially as described previously (Hendley 1955; Albracht 

1983).1983). Cells were harvested and the enzyme was isolated and purified as described before (Coremans, 

1992b).1992b). Protein concentrations were determined according to the method by Bradford (Bradford, 

1976). 1976). 

ActivityActivity measurements. Hydrogenase activity was measured amperometrically at 30°C in a cell (2.15 

ml)) with a Clark-type electrode (YSI 5331) (Coremans, 1989). The buffer in the assay was Tris-HCl (50 

mM,, pH 8.0). Water, saturated with H2, was added to a final H2 concentration of 36 uM. Oxygen was 

scavengedd from the reaction vessel using a glucose (90 mM) plus glucose oxidase (2.5 mg/ml). 

Catalasee (10 ug/ml) was added to consume formed hydrogen peroxide. As electron acceptor either 

benzyll  viologen (BV, 4.2 mM, E0'- -359 mV) or methylene blue (MB, 1.9 mM, E0'= +11 mV) were 

used.. Glucose, catalase and the redox dye were added to the buffer solution in the measurement cell. 

Thee cell was closed and glucose oxidase was added to scavenge 02. Then 100 ul of H2 saturated water 

wass added and 2 minutes after the addition of the glucose oxidase, the hydrogenase sample was added. 

Thee buffer solution was gassed with Ar to reduce the initial O, concentration. 

Fourier-transformFourier-transform infrared spectroscopy. FTIR spectra were taken on a BioRad FTS 60A 

spectrophotometerr equipped with an MCT detector. Spectra were recorded at a resolution of 2 cm' at 

temperaturess ranging from 2 to 38°C. To regulate the temperature of the FTIR measurement cell a 

home-builtt cooling device containing a Peltier heat-exchange element was used. Typically, averages of 

6844 spectra were taken against buffer blanks. Enzyme samples (12 ul, 50 to 100 uM) were loaded 

anaerobicallyy into a gas-tight transmission cell. CaF2 windows were kept approximately 50 um apart 

usingg Teflon spacers. Spectra were baseline corrected using the BioRad software and fitted using 

Gaussiann functions using the GRAMS software (Galactic Ind. Corp.). . 

FTIRR redox titrations were performed using a Nicolet 5ZDX Fourier Transform Infrared 

spectrophotometerr equipped with an MCT detector. The cell used (7.5 um path length, CaF, 

windows)) was as described before (Moss, 1990). Enzyme solution (-1.2 mM, 10 ul) in a 37.5 mM MES 

// MOPS / Tris buffer of pH 6.0 or 9.0 was titrated in the presence of redox mediators (0.5 mM) and 
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1000 mM KG. The redox mediators used were methylene blue (E'0= +11 mV), indigo-tetrasulphonate 

(E'0== -46 mV), 2-hydroxy-l,4-naphtaquinone (E'0= -139 mV), anthraquinone-l,5-disulphonic acid 

(E'0== -170 mV), anthraquinone-2-sulphonate (E'0= -225 mV), phenosafranine (E'<= -252 mV), 

neutrall  red (E'0= -329 mV), benzyl viologen (E'0= -359 mV) and methyl viologen (E'0= -446 mV). The 

redoxx potential, measured against an Ag/AgCl reference electrode, was controlled with a BAS CV-27 

potentiostatt and measured with a Fluke 77 multimeter. Equilibration time was 2-3 minutes (DeLacey, 

1997)1997) and the cell temperature was controlled with a HETO C7 CV10 thermostat. Averages of 1024 

spectraa at 2 cm"1 resolution were calculated and processed using the OMNIC software provided by 

Nicolet.. Whenever the pH of the buffer systems was temperature dependent, the pH given in the 

descriptionn of the experiments was corrected for this dependency. 

RESULTS S 

CharacteristicsCharacteristics of the inactive states 

Oxidised,, inactive enzyme, showing EPR signals due to the Nir' or the Niu' states, respectively, were 

preparedd up 95% homogeneity as described before (Bleijlevens, 2001a). 

TheThe unready states. Under the applied activity-assay conditions (30°C, 36 uM U2) it was impossible to 

activatee unready enzyme and hence this form showed no uptake activity. It made no difference if the 

enzymee was in the oxidised (Niu') or in the one-electron reduced state (Niu-S, subscript u for unready, 

SS for EPR-silent). The FTIR spectra of both states are displayed in Figure 1, left panel. In the spectrum 

off  the reduced unready enzyme also a small amount of reduced ready enzyme was observed (v(CO) at 

19311 era'1). Since the reduction experiment took -90 min this transition to ready enzyme could not be 

prevented,, not even at 2°C. Electrochemical reduction of the Nio' to the Niu-S state at pH 6.4 at 2°C 

wass monitored with FTIR and the apparent integrated intensity of the CO absorption band was 

plottedd against the electrochemical potential (Figure 1, right panel). 

.. , i , 1 o J 1 1 1 c 1 1 — 

21000 205 0 200 0 195 0 190 0 0  -10 0 -20 0 

Wavenumberr (cm1) E « . SHE (mV) 

Figuree 1. Left panel: FTIR spectra of A. vinosum [NiFe] hydrogenase in the unready states: (A) the oxidised Ni„ 
statee and (B) the one-electron reduced Niu-S state. Right panel: reduction of A. vinosum in the Ni„  state at pH 6.4 
att 2°C as monitored with FTIR spectroscopy. The normalised CO absorption peak areas are plotted against the 
redoxx potential. The solid line is a Nernst-fit of a one-electron process. Ni„',  (1945 cm'); Ni„-S, O (1948 cm"'). 
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Thee reduction of Niu to Niu-S could be fitted as an n=l Nernst function with a midpoint potential of-

822 mV at pH 6.4 (Figure 1, right panel). Similar FTIR experiments on the D. gigas [NiFe] hydrogenase 

(DeLacey,(DeLacey, 1997) and EPR redox titrations on A. vinosum (Coremans, 1992b) and D. gigas [NiFe] 

hydrogenasee (Cammack, 1982) also showed that the Niu' to Nio-S conversion could be fitted as an n=l 

processs that was charge-compensated by a protonation. 

TheThe ready states. In activity measurements the Nir state showed a short lagphase (1-2 min) before 

maximall  H2-uptake activity was reached with BV as electron acceptor (Bleijlevens, 2001b). If MB was 

usedd as an electron acceptor, the hydrogenase activated much slower than with BV (~5 min at 30°C). 

EPRR redox titrations had already shown that reduction of [NiFe] hydrogenase from A. vinosum in the 

Nir'' state at low temperature (2°C) at pH 6 yielded EPR-silent enzyme (Coremans, 1992a). In addition, 

thee titration was irreversible. In an activity assay with the electron acceptor BV the EPR-silent enzyme 

wass initially inactive but after a short lagphase it activated and maximal activity was swiftly reached 

(Coremans,(Coremans, 1992a). 

Inn order to study these processes in more detail, temperature-controlled FTIR redox titrations were 

performedd at pH 6 and 9. The reductive titrations were started from the oxidised ready (Nir) state and 

thee temperature was kept at 2°C to prevent crossing of the activation barrier. In Figure 2 FTIR spectra 

off  the initially oxidised enzyme (+100 mV) and finally reduced enzyme (-150 mV) during the 

reductivee titrations of the Nir' state at pH 6.4 and 9.4 at 2°C are shown. The relative intensities of the 

COO absorption peaks increased by approximately 30% when enzyme was reduced from the Nir' to the 

Nir-SS states. The intensities of the cyanide peaks increased by approximately the same factor. At pH 

6.44 reduction of enzyme in the Nir' state (1943, 2079, 

20900 cm"1) yielded mostly enzyme in the Nir-S„3] 

statee (1931, 2073, 2084 cm"1, Figure 2, trace B). AtpH 

9.44 the majority was in the Nit-S„,0 state (1910, 2053, 

20677 cm', Figure 2, trace D) after reduction. From 

Figuree 2 one can clearly see that the stoichiometry of 

thee two reduced ready states varied with pH. 
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Figuree 2. FTIR spectra of the low temperature (2°C) 
reductivee titrations of A. vinosum [NiFe] hydrogenase in 
thee Nir' state. (A) Initial (+100 mV) and (B) final redox 
statee (-150 mV) spectra at pH 6.4; (C) initial (-30 mV) and 
(D)) final redox state (-270 mV) spectra at pH 9.4. 
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Inn Figure 3 the reductive titration of Nit' at 2°C is shown at pH 6.4 (panel A) and at pH 9.4 (panel B). 

Thee normalised areas of the CO absorption peaks are plotted against the applied potential in the cell. 

Too allow comparison it is assumed that the absorption coefficient of the CO absorption remains 

constantt in the different redox states. As already shown in Figure 2, at pH 6.4 the low-temperature 

reductionn of Nir' (v(CO) at 1943 cm') mainly yielded a species with a v(CO) at 1931 cm'. A small 

amountt of a species with a v(CO) at 1910 cm'1 was formed but the band was not very well defined and 

thereforee difficult to quantify. The Nir' state titrated with a midpoint potential of -77 mV (Figure 3). 

Uponn reduction at pH 9.4 two one-electron reduced (Nir-S) states were observed, one with a v(CO) 

bandd at 1910 cm'1 and one with a v(CO) band at 1931 cm'1. Both states appeared simultaneously. The 

Nir'' state titrated with a midpoint potential of-175 mV and could be fitted with one-electron Nernst 

functionss (Figure 3). Since the previously described H2-uptake activity measurements with BV as 

electronn acceptor (Coremans, 1992b) suggest that both these states are still inactive under these 

conditions,, these states are named Nir-Sl910 and Nit-Sl931 (subscript r for ready, S for EPR-silent). 

i — i — i — i — i — i — i — i —— — ' 1

1000 0 -100 -200 0 -100 -200 
EE VS. SHE (mV) E vs . SHE (mV) 

Figuree 3. Reduction of A. vinosum in the Nir' state at pH 6.4 (A) and pH 9.4 (B) at 2°C as monitored with FTIR 
spectroscopy.. The normalised areas of the CO absorption peaks are plotted against the redox potential. Solid 
liness are Nernst-fits of one-electron processes. Nit",  (1943 cm'); Ni,-S, O (1931 cm"'); Nir-S, D (1910 cm"'). 

OxidationOxidation of the Nir-S states atpH 6 andpH 9. The oxidation of the Nir-S states to the Nir' state was 

studiedd at an intermediate temperature of 15°C at pH 6 and 9 (Figure 4). The temperature was chosen 

suchh that the oxidation process could be followed with FTIR spectroscopy. At 2°C the oxidation of the 

Ni-SS was very slow, as was also observed in the EPR titrations at 2°C (Coremans, 1992b). At 25°C on 

thee other hand, the oxidation reaction was too fast and could not be followed with FTIR spectroscopy. 

Firstt enzyme in the Nir' state was reduced to a potential where the Nit-S states were present (-150 mV 

att pH 6 and -270 mV at pH 9). Then, at t=0 min an oxidative potential of+ 100 mV was applied to the 

measurementt cell and FTIR spectra were recorded. The pH values of the buffers at 15°C were 6.2 and 

9.3.. Initially, the Nir-S,910 was the main species at pH 9.3 while at pH 6.2 the Nir-S„31 species was mainly y 

presentt (as described in Figures 2 and 3). In Figure 4 the sum of the areas of the two v(CO) bands of 

thee Nir-S states is monitored in time. This showed that at pH 9.3 the oxidation of the Nir-S states was 
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approximatelyy three times faster than at pH 6.2. As before, at pH 6.2 the Nir-Sl9JI state predominated, 

whereass the Nir-Sl910 state was most abundant at pH 9.3. The rate constants for the oxidation of the 

-4.655  102 min'1 and kpH62= -1.36  10'2 mm'. 

Figuree 4. Semilogarithmic plot of the oxidation of the Nit-S 

speciess at 15°C at pH 6.2 and 9.3. A. vinosum MBH in the 

Nir'' state was reduced to the Ni,-S states, -150 mV at pH 6.2 

andd -270 rnV at pH 9.3. At t=0 min the electric potential in 

thee FTIR cell was set at +100 mV and changes in the FTIR 

spectraa were monitored in time. The logarithm of the sum of 

thee 1910 and 1931 cm"1 absorption band areas is plotted in 

time. . 

timee (min) 

CharacteristicsCharacteristics of the active states 

Too prepare the active states the A. vinosum MBH had to be activated by a reductive activation. Then 

thee redox potential in the samples was set by manipulation of the partial H2 pressure and the pH of 

thee solution. 

TheThe Nia-S states. The most oxidised, active state was called the N^-S state. To prepare this state the A. 

vinosumvinosum MBH was completely reduced under 100% H2 at pH 8 (30 min at 50°C) and then the 

hydrogenn gas was removed from the sample by evacuation and flushing with Ar (8 times). When the 

samplee was then left under Ar at 4°C for three days, it ended up in the NiÉ-S state. Since the sample in 

thee N^-S state is highly oxygen sensitive, anaerobic conditions were carefully maintained while 

loadingg it into the gas tight FTIR measurement cell. The FTIR spectrum showed a CO absorption at 

19311 cm'1 and CN" absorptions at 2073 and 2084 cm'1 (Figure 5, trace A). In an activity assay enzyme 

inn the Ni^S state showed immediate hydrogen-uptake activity (Bleijlevens, 2001b). 

Thee active site of reduced MBH is not only sensitive to oxidation by oxygen, it also reacts with the 

inhibitorr carbon monoxide (K~25 uM). To prepare the A. vinosum MBH in the highly homogeneous 

Nis-SS CO state, enzyme was first reduced and activated under 100% H2 (45 min at 50°C, pH 8.0). Then 

H22 was exchanged with CO by evacuation and flushing (8 times). The binding of exogenous CO to the 

active-sitee Ni resulted in an extra absorption band at 2054 cm'1 (Figure 5, trace B). The remaining 

threee absorption bands were at 1929, 2068 and 2080 cm'. This state is named the NNS-CO state. 

TheThe Nia-C' state. The more reduced active states (N^-C' and NUSR) are in equilibrium with each 

other,, but not with the N^-S state when activated enzyme is incubated in the presence of H2 

(Coremans,(Coremans, 1992a). EPR studies had shown that the intensity of the Ni rC' EPR signal could be 

optimisedd by the incubation of activated enzyme under a gas mixture of 1% hydrogen and 99% argon 

(Van(Van der Zwaan, 1985). Besides the partial gas pressure, also the pH of the sample influenced the 

Nit-SS states, derived from this plot were k H93= 
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amountt of detectable paramagnets. At pH 8.0 a spin concentration of ca. 55% was observed whereas 

att pH 6.0 a spin concentration of 90% was detected (Coremans, 1992a). Both the pH and the partial H2 

pressuree are varied to manipulate the redox potential. Theoretically, the redox potential of a solution 

off  H2 at a certain pH is given by equation 1: 

Emm = - (RT / F log e) * pH - (RT / 2F log e) log PH; (1) ) 

withh R the gas constant (8.314 J mol' K"'), T is the absolute temperature in Kelvin, F is Faraday's 

constantt (96,487 C mol') and P„2 is the partial hydrogen pressure in the gas phase over the solution. 

Thee Nia-C' state was prepared by the incubation of activated enzyme under 1 % H2 gas at pH 6 and pH 

99 (Figure 5, traces C and D). The calculated redox potentials under these conditions are -295 mV at 

pHH 6 and -465 mV at pH 9. The FTIR spectrum at pH 6.0 shows the A. vinosum MBH in 

predominantlyy the Nia-C' state (85% as determined from the fitted peak areas of the CO absorption 

bands)) with a CO absorption band at 1951 cm'1 and CN" absorptions at 2073 and 2085 cm"' (Figure 5, 

tracee C). Two small satellite peaks were observed in the CO absorption area at 1936 and 1921 cm', 

correspondingg to the more reduced Nia-SR species. At pH 9.0, the spectrum was less homogeneous 

(Figuree 5, trace D). The NUC" band (60%) slightly shifted to 1948 cm'1 and the two extra bands at 

19366 and 1921 cm'1 increased. The cyanide absorption region (2050-2100 cm') reflected the decrease 

inn homogeneity as several additional overlapping absorption bands were observed (Figure 5, trace D). 
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Figuree 5. FTIR spectra of active [NiFe] hydrogenase from A. 

vinosum.vinosum. (A) In the Ni.-S state: activation under 100% H2, 45 

min,, 50°C, pH 8, replacement of H2 with Ar and waiting for 

threee days at 2°C; (B) In the Ni.-S-CO state: activation (100% 

H2,, 30°C, 45 min, pH 8) and replacement of H2 with CO, 30 

min,, RT; (C) In the Ni.-C' state at pH 6: activation (100% H2, 

50°C,, 45 min, pH 6.0) and replacement of 100% H2 with a 

mixturee of 1% H2/99% He, 15 min, RT (calculated redox 

potential:: -295 mV); (D) In the Ni,-C' state at pH 9: as in B but 

att pH 9.0 (-465 mV); (E) In the Ni,-SR states at pH 6: activated 

underr 100% H2 at pH 6.0, 45 min, 50°C (-349 mV) and (F) In 

thee Ni,-SR states at pH 9: as in E but at pH 9.0 (-523 mV). All 

spectraa were collected at 25"C. Peaks in spectra E and F were 

fittedd using Gaussian functions. Fits of the total spectrum 

(dashed(dashed lines) and the isolated peak fits (dotted lines) are shown. 

Thee residual spectra (lower solid lines) are differences of the 

experimentall  spectra and the simulated spectra. 
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TheThe Nie'SR states. When the A. vinosum MBH was incubated under 100% H2, the equilibrium 

betweenn the Ni,-C* state and the Ni,-SR states shifted towards the Ni,-SR states and the FTIR spectrum 

consistedd of a mixture of states: three CO absorption bands and five CN" absorption bands were 

observedd {Figure 5, traces E and F). The intense CN' absorption band at 2073 cm'1 was the result of 

twoo CN' overlapping absorption bands. The different fully reduced species are named Ni,-SRin<, Ni(-

SR19211 and Ni^SR,,,,. The ratio of the different reduced species differed with pH. Complete reduction 

off  hydrogenase (100% H3,50°C, 30') at pH of 6.0 (Figure 5 trace E, calculated redox potential: -349 

mV)) or pH 9.0 (Figure 5, trace F, -523 mV) resulted in a change of relative peak areas. A mixture of 

bufferr components was used to circumvent influences of different salt concentrations (50 mM MES 

andd 50 mM CAPSO, adjustment of pH to 6.0 or 9.0 with either NaOH or HC1). 

Tablee 1. Overview of the characteristics of the CO/CN' absorption peaks in the FTIR spectra of the 

redoxx states of the A. vinosum [NiFe] hydrogenase detected thus far. 

State e 

Ni." " 

Ni.-S S 

Ni," " 

Ni,-S„„ „ 

Ni f-S,„, , 

Ni.-S S 

Ni,-S-CO O 

Ni.-C''  (pH 6) 

Ni.-C''  (pH 9) 

Ni.-SR„» » 

Ni.-SR1M1 1 

Ni.-SRltl , , 

v(CO) ) 

1945 5 

1948 8 

1943 3 

1910 0 

1931 1 

1931 1 

1929 9 

1951 1 

1948 8 

1936 6 

1921 1 

1913 3 

v(CNU U 

2082 2 

2088 8 

2079 9 

2052 2 

2073 3 

2073 3 

2068 8 

2073 3 

2073 3 

2059 9 

2048 8 

2043 3 

v(CNV V 

2093 3 

2100 0 

2090 0 

2067 7 

2084 4 

2084 4 

2080 0 

2085 5 

2084 4 

2072 2 

2064 4 

~2058w w 

Angle" 1 1 

77° ° 

84° ° 

80° ° 

69' ' 

74° ° 

78° ° 

86° ° 

87° ° 

.(W) ) 

--

81° ° 

--

Thee enzyme redox states are in column 1. Absorption maxima of the stretch vibration of the CO ligand and the 
coupledd antisymmetric and symmetric stretch vibrations of the CN" ligands (in cm'1) are presented in columnss 2, 
33 and 4, respectively. The calculated angle between the coupled CN"s is tabulated in column 5. 
(a)) The angle between the cyanide ligands (2a) was calculated using the relationship between a and the relative 
intensitiess of vibrationally coupled absorption peaks: 1^ /1,^= cotan'a (Cotton, 1988). 
(b)) could not be determined. 
(c)) estimated peak position. 
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DISCUSSION N 

OverviewOverview of the inactive states 

Whenn the results of the present study are combined with those of earlier studies on the A. vinosum 

MBHH (Coremans, 1992at 1992b) a scheme representing the observed redox states can be drawn (Figure 

6).. Activity measurements showed that it was possible to prevent activation of the A. vinosum MBH by 

coolingg (Coremans, 1992b). From the shape of the observed activity traces in a standard Hruptake 

assayy the active and inactive enzyme states could be distinguished (Bleijlevens, 2001b). 

TheThe unready states. The FTIR spectra of the oxidised unready (Nia') and the one-electron reduced 

unreadyy species (Niu-S) were rather similar (Figure 1); the CO absorption band shifted only 3 cm'1 to 

higherr wavenumbers upon reduction. This implies that the electron density on the active-site iron and 

itss ligands slightly decreases when reducing nickel from Ni3*  to Ni2+ in unready enzyme. Previous 

experimentss indicated that the added electron is charge-compensated by a proton (DeLacey, 1997). 

XASS measurements showed that the reduction of the Nio' to the Niu-S state is accompanied by a shift 

inn Ni K-edge energy of only 0.2 eV to lower energy (Davidson, 2000). This is too small for a one-

electronn reduction which, in model compounds, usually results in shifts of ~2 eV of the edge energy 

(Kirby,(Kirby, 1981). Apparently, the added electron is highly delocalised over the sulphur ligands in the NiB-

SS state. Note that the FTIR spectra report that the electron density on the Fe ion is thereby slightly 

decreased. . 

TheThe ready states. The reduction of Nir' was monitored at pH values 6.4 and 9.4 (Figures 2 and 3). At 

pHH 6.4 the reduction mainly yielded the Ni^S,,,, species while at pH 9.4 the Nir-S„10 species was 

predominant.. The reduction of the Nir*  state could be simulated as a one-electron transition both at 

pHH 6.4 and 9.4 (Figure 3). Both Ni,-S species titrated simultaneously, but the fraction Nir-S1Mfl and Nir-

SW11 varied with pH (Figure 2). The Nir' state titrated with an apparent midpoint potential (Em pH7J)) of-

977 mV with a pH dependence of-33 mV / pH unit (Figure 3). As this titration was irreversible at 2°C, 

thesee data should be interpreted with care. However, this pH dependency indicates that the one-

electronn reduction from Nir' state to the Nir-S states, according to Nernst's law, is accompanied by half 

aa proton which, of course, is an unrealistic proposal. The occurrence of the two isoelectronic Nir-S 

statess was shown to be pH dependent (Figures 2 & 3): the Nir-S„w state was favoured at high pH, 

whereass the Nif-Sl9JI state dominated at low pH. For the D. gigas hydrogenase a pKt of 8 was 

determinedd for the acid-base equilibrium between the two isoelectronic EPR-silent states (DeLacey, 

1997).1997). The presented data can be explained by the schemee in Figure 6: the reduction of Nir*  to the Nir-

S„BB state is assumed to be pH independent whilst the transition of the Nir-Sl9l0 state to the Nir-SIOTI 

statee involves the uptake of one proton. Since the two Nir-S states are isoelectronic and both appear at 

thee same potential, the net result is that the pH dependence of the midpoint potential can vary 

betweenn 0 and -59 mV per pH unit, dependent on the pH. 
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Figuree 6. Scheme summarising the observed redox states in the [NiFe] hydrogenase of A. vinosum. 

Thee crystal structure of the D. gigas hydrogenase contains a bridging oxygen ligand in the oxidised, 

mainlyy unready state (Volbeda, 1995, 1996a), a ligand that is absent in reduced Desulfomkrobium 

baculatumbaculatum [NiFeSe] hydrogenase (Garcin, 1999). Reoxidation of H2-reduced A. vinosum MBH with 02 

enrichedd in "O (I =5/2) showed that oxygen, originating from 02 was a ligand to Ni in both the Nir 
andd the Niu' state (Van der Zwaan, 1990). A recent "O ENDOR study showed that the bridging oxygen 

ligandd in the inactive states can also originate from H2"0 (Carepo, 2002). These studies also showed 

thatt the bridging ligand could not be exchanged in inactive, oxidised enzyme. Furthermore, HD-

exchangee EPR studies showed that the active site in the Nir' state, but not in the Niu' state, of A. 

vinosumvinosum MBH contains one proton that magnetically interacts with the unpaired electron on the Ni 

ionn that also only can be exchanged through activation of the enzyme (Bleijlevens, 2001a). We 

thereforee proposed that in the Nir' state a hydroxide ion is bound to the active site in a position 

differentt from that in the unready state and that this OH' group has to be removed to activate the 

enzymee (Bleijlevens, 2001a). Based on the results presented in this study, we propose that after 

reductionn to the Nir-S,„0 state, the hydroxide ion is protonated to water leading to the Nit-S1B) state. 

Thee activation step then involves the removal of the formed water molecule, resulting in an accessible 

activee site (Figure 7). The mobility of this water molecule is considered to be highly dependent on the 

temperature,, virtually fixed at 2°C but very flexible at T > 30°C. This model is supported by data from 

ann extensive Ni XAS study on the redox states of the A. vinosum MBH (Davidson, 2000). This study 

showedd that overall, there was littl e difference between the various redox states in terms of Ni K-edge 

energyy and coordination number. The only significant change in the position of the Ni K-edge was a 

1.66 eV shift to lower energy going from the Nir' to the Nit-S state. The EXAFS analysis suggested a 

decreasee in coordination geometry from five direct ligands in the Nir' to four in the Nir-S state. At the 

timee of the preparation of the Nit-S state for this XAS study by the Amsterdam group, it was not yet 

knownn that two electronically equivalent Nir-S states existed and the particular sample of A. vinosum 

MBHH was prepared at pH 6 and at 2°C (Davidson, 2000). With the information presented here, we can 

noww infer that the state prepared at pH 6 and at 2°C must have been mainly the Nir-S1931 state (Figure 

2).. If this state, as proposed in our model, contains a water molecule instead of a Ni-bound hydroxide, 

thenn the EXAFS data suggest that this water molecule is no longer bound (or close) to the Ni ion. 
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Figuree 7. Proposed mechanism for the process of (in)activation. 

Duringg the process of activation, the overall structure of the Fe-site in the active site does not change 

significantlyy as can be judged from the angles between the CN' ligands. These values must be 

interpretedd with care since baselining of the spectra may influence the absorption peak areas. 

Nevertheless,, no large deviations from the average angle (80°) were found, which rules out large 

conformationall  changes of the active-site ligands as suggested by early theoretical studies (Pavlov, 

1998). 1998). 

Thee spectral shifts observed in the FTIR spectra of the Nir' and the Nir-S states differed strongly from 

thosee observed during the reduction of the Niu' to the Niu-S state. During the latter transition the 

v(CO)) band shifted only 3 cm"' to higher frequency whereas this shift was 33 cm"1 to lower frequency 

inn the case of reduction of the Nir' state at pH 9.4. At pH 6.4 the shift was 12 cm"1 to lower frequency. 

Apparently,, the reduction of the Ni ion changes the electronic properties of the Fe site to a different 

extentt in the ready and the unready one-electron reduced states. It seems as if the electron density 

incrementt in the active site in the one-electron reduced ready enzyme is not merely located on the 

sulphurr ligands of the Ni ion (as in the Niu-S state) but instead is spread out over the complete active 

sitee and partly localised on the Fe site. An increase of electron density in the valence d-shell of the Fe 

ionn results in stronger binding of the CO ligand to Fe via 7i-backbonding. This decreases the bond 

energyy of the CO ligand which results in a shift towards lower frequencies and thus to lower 

wavenumbers.. It is not yet clear how the difference in position of the OH' group bound to Ni, as 

inferredd from the clear difference in proton-hyperfine interaction in EPR spectra of the Nir' and Niu' 

statess (Bleijlevens, 2001a), induces this large difference in charge distribution between the Ni and the 

Fee upon reduction of the active site. 

45 5 



ActivationActivation of the A. vinosum [NiFe] hydrogenase 

Thiss effect is strongest in the Ni,-Smo state, with a proposed hydroxide binding to Ni. This hydroxide 

mayy donate electron density to the Ni-Fe site resulting in an increased shift of the CO absorption band 

too lower wavenumbers (1910 cm'). When the negative charge of the OH" is neutralised by a proton 

andd a water molecule is formed, the charge density at the Ni-Fe site decreases and the CO absorption 

bandd shifts to higher frequency (1931 cm"1). 

OxidationOxidation oftheNiT-S states. The oxidation of the Nir-S species to the Nir' state was very slow at 2°C. 

Att 15°C the formation of Nir' proceeded slow enough to be monitored with FTIR and the reaction rate 

wass shown to be pH dependent (Figure 4). The rate constant at pH 9.3 was more than three times that 

att pH 6.2. Apparently, the 1931 cm'1 species first has to be deprotonated to the 1910 cm"1 species 

beforee it can be oxidised to the Nir' state. It must be born in mind that the redox potential of the Nir-S 

too Nir' state is pH dependent: at pH 6.4 the midpoint potential is -77 mV, whereas at pH 9.4 it is -175 

mV.. Although the applied oxidative potential was +100 mV at both pH values no influence thereof on 

thee kinetics is expected, since the applied potentials are both more than 120 mV over the midpoint 

potentialss of the respective transitions. 

Overvieww of the active states 

Thee initial step in the preparation of the active states of the A. vinosum MBH routinely involved the 

completee reduction under 100% H2 at 50°C for at least 30 min to ensure full activation of unready 

enzyme.. Thereupon, controlled oxidation yielded the (more or less) pure redox states. Active, reduced 

A.A. vinosum MBH was brought in the desired redox states by varying the Hj gas pressure and the pH of 

thee buffer system. 

TheNi„-STheNi„-S states. The most oxidised, active state was prepared by prolonged exposure of fully reduced 

enzymee to an inert gas atmosphere. The FTIR spectrum of this state (1931,1973,1984 cm"1) was 

identicall  to the spectrum of the most reduced state of the inactive ready enzyme at pH 6, the Nir-Sl9J1 

state.. For this state we propose that a water molecule near the active site is obstructing rapid access for 

HH . The identical FTIR spectra suggest that the electron density on the active site in general and on the 

Fee site in particular, is the same for the inactive Nir-S„„  state and the active Ni,-S state. Hence we 

assumee that the water molecule, blocking the active site in the Nir-S„31 state, is merely a 'plug' that 

stericallyy prevents hydrogen binding to the active site. Hydrogenase in the Nit-S state is very easily 

oxidisedd and inactivated by traces of oxygen. This indicates that the active site is readily accessible for 

gass molecules in this state. Not only oxygen, but also CO can bind to the active site of most [NiFe] 

hydrogenases.. Since it competitively inhibits hydrogen oxidation, it is thought to bind at the same site 

ass hydrogen. The FTIR spectrum of the NirS*CO state is rather similar to that of the Ni,-S state 

(Figuree 5, trace A and B). The three absorption bands of the intrinsic CN" and CO groups shift 2 cm' 

too lower wavenumber upon binding of CO, indicating that the external CO withdraws a littl e bit of 

electronn density from the active site. Photodissociation of the external CO at low temperature (<50 K) 

reversess this effect (Bagley, 1994). As the effect of CO binding on the electron density on Fe is only 

minutee and because the inhibiting CO is not vibrationally coupled to the intrinsic CO ligand, it is very 
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unlikelyy that both CO molecules are bound to the same metal site, i.e. Fe. Besides this rationale, recent 

experimentall  evidence also suggests that CO coordinates to the Ni site (Higuchi, 2000; DeLacey, 2002). 

TheThe Nia-C state. The FTIR spectra of A. vinosum MBH under 1% H2 were recorded at pH 6.0 and pH 

9.00 (Figure 5, traces C and D). These spectra illustrate why an optimal Ni.-C*  EPR signal is observed at 

pHH 6: the spectrum is mainly in the 1951 cm"' state at a calculated potential of-295 mV. At pH 9.0 (-

4655 mV) the CO absorption peak decreased and shifted to 1948 cm'. A peak shift of 3 cm'1 of the CO 

absorptionn band has previously been observed when the D. gigas gigas hydrogenase in the N^-S'CO state 

wass reduced from -220 mV to -420 mV (DeLacey, 2002). This shift was attributed to the reduction of 

thee proximal [4Fe-4S] cluster which has a midpoint potential of-350 mV (Teixeira, 1989). This 

hypothesiss was supported by an observed decrease in absorption at 420 nm when comparing UV-Vis 

spectrumm of the Nit-S*CO state at -220 mV to that of the Ni,-S«CO state at -420 mV (DeLacey, 2002). 

Wee think that the 3 cm'1 shift of the CO absorption band in the FTIR spectrum of the Ni,-C* state of 

thee A. vinosum enzyme is caused by the same effect: an interaction of the active site with the proximal 

Fe-SS cluster. EPR measurements on the D. gigas [NiFe] hydrogenase in the Ni,-C' state have shown 

thatt at 4.2 K the paramagnetic Ni centre magnetically interacts with the reduced, paramagnetic 

proximall  Fe-S cluster (Cammack, 1985; Dole, 1996). A similar coupling phenomenon has been 

observedd in the A. vinosum MBH in the Ni,-C' state at 4.2 K (Van der Zwaan, 1987) and it was shown 

that,, while present under 1% H2 at pH 9, coupling was minimal under 1% H2 at pH 6 (Coremans, 

1992b),1992b), in agreement with the observed differences in the FTIR spectra of the Ni,-C' state at pH 6 and 

99 (this work). 

Sincee the proximal cluster is strictly conserved in all [NiFe] hydrogenases, it has been proposed to play 

aa key role in the oxidation of hydrogen (Albracht, 1994). It was postulated that the active site and the 

proximall  cluster act as a functional entity in the reaction with H2, both accommodating one of the two 

electronss produced in the oxidation of hydrogen (Albracht, 2001). 

TheThe fully reduced states. The fully reduced states were prepared by activating the A. vinosum MBH at 

differentt pH values under 100% H2. The observed FTIR spectra show a mixture of states at both pH 6 

andd pH 9. A significant amount of NiÉ-C* (30%) was present in the mixture at pH 6. Remarkably, the 

amountt of Ni,-C' under 100% H2 at pH 6 (Em= -349 mV) is lower than at 1% H2, pH 9 {En=  -465 mV) 

althoughh a redox potential of-349 mV is closer to the optimal potential to observe the Nit-C' signal. 

Thiss shows that the state of the enzyme is not only determined by the redox potential but that also the 

availabilityy of H2 and H* is of importance. Under 100% H2 at pH 9 the calculated potential is -523 mV. 

Att this potential only 12% of the Ni,-C" signal remained and three Ni,-SR states were observed with 

COO resonances at 1936,1921 and 1913 cm'. Exposure of D. gigas hydrogenase to 1 bar of hydrogen at 

pHH 8 showed an FTIR spectrum with three CO vibrations: one absorption band at 1952 cm"1 from the 

Ni,-C**  state and two absorption bands at 1940 cm"1 and 1923 cm'1 from the Ni,-SR states (Volbeda, 

1996a),1996a), indicating that both enzymes show similar behaviour. 

Inn this study the first overview of FTIR spectra on the [NiFe] hydrogenase from A. vinosum is 

presented.. It is also the first time that reduced, active enzyme was manipulated into different redox 
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statess without the use of redox dyes, but by varying pH and partial H2 pressure instead. This confirms 

thatt indeed all these redox states may be of physiological significance. 
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H/DH/D exchange in A. vinosum [NiFe] hydrogenase 

ABSTRACT T 
Inn this study we report on thus-far unobserved proton hyperfine couplings in the well-known EPR 

signalss of [NiFe] hydrogenases. The preparation of enzyme in several highly homogeneous states 

allowedd us to carefully re-examine the Ni.\ Nir\ Ni,-C" and Ni,-L*  EPR signals which are present in 

mostt [NiFe] hydrogenases. At high resolution (modulation amplitude 0.57 G) clear indications for 

hyperfinee interactions were observed in the gt line of the Nir' EPR signal. The hyperfine pattern 

becamee more pronounced in 2HjO. Simulations of the spectra suggested the interaction of the Ni-

basedd unpaired electron with two equivalent, non-exchangeable protons (Au = 13.2 MHz) and one 

exchangeablee proton (A} = 6.6 MHz) in the Nir' state. Interaction with an exchangeable proton could 

nott be observed in the Niu" EPR signal. The identity of the three protons is discussed and correlated to 

availablee ENDOR data. It is concluded that the NiFe centre in the Nit' state contains a hydroxide 

ligandd bound to the nickel, which is pointing towards the gas channel rather than to iron. 
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[NiFe]]  hydrogenases catalyse the reversible oxidation of molecular hydrogen into two protons and 

twoo electrons. Presently, the crystal structures of five [NiFe] hydrogenasess have been determined. The 

activee site consists of two metal ions, one Ni and one Fe, bound to the protein via four cysteine thiols 

(Volbeda,(Volbeda, 1995). The valence state of the Ni ion usually shuttles between II and III . The Fe remains in 

aa low-spin Fe(II) state (Surerus, 1994; Dole, 1997) and binds three unusual ligands, two cyanides and 

onee carbon monoxide (Volbeda, 1996a; Happe, 1997; Pierik, 1999). Exchange experiments showed that 

thee splitting of dihydrogen is heterolytic (Krasna, 1954). The proton that is the result of this splitting is 

transferredd via a proton channel to the outside of the molecule. The produced hydride is oxidised and 

thee electrons are transferred via one or more Fe-S clusters to an electron-acceptor site. 

Mostt [NiFe] hydrogenases are reversibly inactivated by oxygen. This enables aerobic purification of 

thesee enzymes. The inactivated enzyme can be reactivated by a process that has become known as 

'reductivee activation'. This is normally carried out by incubation under a hydrogen gas atmosphere. 

Forr Allochromatium vinosum [NiFe] hydrogenase this procedure consists of a 30 min incubation 

underr 100% H2 at 50°C. Studies on the properties of [NiFe] hydrogenases have revealed that they can 

existt in a number of states, distinguishable by EPR and FTIR spectroscopy (for an overview see 

Albracht,Albracht, 1994). 

EPRR studies on the enzymes from Desulfovibrio gigas and A. vinosum showed that there are two EPR-

detectable,, inactive, oxidised states. The first state, with g  ̂ = 2.31,2.24,2.01, represents an unready 

formm of the enzyme as it takes at least one hour at room temperature to show activity with hydrogen. 

Thiss state is termed Niu' (u for 'unready', * for an S = 1/2 system) or Ni-A. The second state, with g  ̂= 

2.33,2.16,2.01,, is termed Nir' (r for 'ready') or Ni-B as it readily activates with hydrogen (Fernandez, 

1985).1985). The EPR-detectable, reduced form of the enzyme was termed Ni,-C' (g  ̂ = 2.21,2.15,2.01, a 

forr 'active'). This state is light-sensitive at cryogenic temperatures and is then converted to the Nî L* 

statee with gm = 2.28,2.11,2.045 (Van der Zwaan, 1985). 

Re-oxidationn of active enzyme with "Oj showed that in both the Nir*  as well as the Niu*  state an oxygen 

speciess is close to the unpaired electron on nickel since the I = 5/2 nucleus of "O caused line 

broadeningg of both EPR signals (Van der Zwaan, 1990). In the crystal structure of as-isolated, oxidised 

D.D. gigas gigas hydrogenase a patch of electron density, observed between the nickel and the iron, was 

attributedd to a bridging oxygen species (Volbeda, 1996a). The crystal structure of reduced, active 

[NiFeSe]]  hydrogenase from Desulfomicrobium baculatum did not show this electron density (Garcin, 

1999).1999). The oxidised D. gigas hydrogenase used to obtain crystals was a mixture of several forms of the 

enzyme.. EPR analysis of the crystals showed that 50% of the Ni sites was EPR silent. From the 

remainingg half, 85% was in the NiB' and 15% was in the Nir" state. The EPR silent enzyme molecules 

weree not in an active or ready form since development of full hydrogenase uptake activity required 

hourss of incubation under 100% H}  (Volbeda, 1995). Up till now, it has not been possible to obtain 

thee D. gigas enzyme solely in the Nia*  or Nir*  state. A. vinosum hydrogenase is spectroscopicaily very 

similarr to the D. gigas enzyme, but it can be manipulated into either the Nir or the Niu' state for more 

thann 95% of the sites. 

Electron-nuclearr double resonance (ENDOR) measurements on A. vinosum hydrogenase in the Nir" 

statee revealed the interaction of four protons with the Ni-based unpaired electron (Gefiner, 1999). 

Twoo protons with a mainly isotropic coupling of 12.6 and 12.5 MHz were assigned to belong to the 0-
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CH22 group of a bridging cysteine residue (equivalent to Cys533 in the D. gigas structure). A third 

protonn (coupling mainly anisotropic, 3.5 MHz) was considered to be the closest proton of the p -CHj 

off  the second bridging cysteine residue (Cys68) or a thiol-proton on one of the terminal cysteine 

residuess (Cys65 or Cys530). Interaction with a fourth nucleus was observed only in the high-field 

regionn of the spectrum, near g = 2.01. This coupling was obscured by the strong absorption of the 

[3Fe-4S]++ cluster in this region at 10 K. A coupling constant of ~6 MHz was estimated and tentatively 

assignedd to be caused by the methyl group of Val67. 

Inn this paper we studied the effect of exchangeable protons on the EPR signals of the Ni site in the 

inactivee oxidised Nir' and NiB' state. We found that the 6 MHz coupling is from an exchangeable 

proton;; the coupling is anisotropic and only observed in the Nit state. 
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MATERIAL SS AND METHOD S 

Purification.Purification. A. vinosum DSM 185 was grown in a 700 litr e batch culture (Van Hcerikhuizen, 1981) in 
aa medium essentially as described previously (Hendley, 1955; Albracht, 1983). The membrane-bound 

[NiFe]]  hydrogenase was isolated and purified as described (Coremans, 1992b). The F^-nonreducing 

hydrogenasee from Methanothermobacter marburgensis (formerly Methanobacterium 

thermoautotrophicumthermoautotrophicum strain Marburg) was a gift from Dr. R. Hedderich (Marburg, Germany). 

EPREPR Spectroscopy. X-band EPR spectra were recorded on a Broker ECS 106 spectrometer. The 

modulationn frequency was 100 kHz. Cooling of the sample was performed using an Oxford 

Instrumentss ESR 900 cryostat with an ITC4 temperature controller. The magnetic field was calibrated 

withh an AEG magnetic field meter. The microwave frequency was measured with a Hewlett-Packard 

5244AA Microwave Frequency Counter. The modulation amplitude was 0.57 G, unless stated 

otherwise. . 

SimulationsSimulations of EPR spectra. Spectra were simulated using home-made programs based on published 

formulass (Beinert, 1982). For the simulation of a separate gt line of a rhombic spectrum this line was 

treatedd as an inverse, absolute, isotropic signal with hyperfine interaction with two or three / = 1/2 

nuclei.. The resultant line shape was compared with the experimental gt lines. This method enabled 

ratherr accurate values for coupling constants (A) and line widths (W). 

PreparationPreparation of the redox states. The two oxidised, inactive states, the NiB*  (Ni-A) and the Nir' (Ni-B) 

state,, were produced at high homogeneity in buffers prepared with either HjO or D30. In D20, pD 

valuess were pH + 0.41. For the Niu' state, enzyme in a 10 mM MES/CAPSO buffer (pH 6.0) was 

incubatedd under 100% H3 at 50°C for 30 min in a septum-capped bottle. The reduced, activated 

enzymee was incubated under 100% carbon monoxide (10 min at room temperature) and 

subsequentlyy oxidised at 50*C by slowly allowing air into the bottle via a thin needle. The Nir' state was 

preparedd in 10 mM MES/CAPSO buffer (pH 9.0). Enzyme was activated as described above, but then 

itt was re-oxidised quickly by a 10-fold dilution in an ice-cold, oxygen-saturated buffer. The Ni,-C 

statee was prepared in 50 mM MES buffer (pH 6.5) by activation (as described above) and subsequent 

incubationn under a mixture of 1% H, and 99% He for 15 minutes at room temperature. The Ni,-C' 

statee was converted to the Nit-L*  state by illumination of the samples at 30 K (Van der Zwaan, 1985). 

Duringg incubations the samples were stirred to optimise gas exchange. After oxidation, 20% glycerol 

wass added to the Niu' and Ni," samples to minimise freezing artefacts. 
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RESULTS S 

Thee A. vinosum [NiFe] hydrogenase was prepared in four EPR-detectable states (Ni„ \ Nir', Nit-C', Nia-

LL ). The effect of exchangeable protons on EPR spectra recorded with modulation amplitudes of 0.57 

GG was studied. 

Thee Nio' state in H20 showed a rhombic spectrum. The g values were 2.312, 2.237 and 2.013 (g ) with 

apparentt line widths of 15.6, 10.9 and 4.8 G (W^) at a modulation amplitude of 0.57 G. (Figure 1A). 

Closee inspection of the separate g values showed a faintly resolved hyperfine splitting in the & line only 

(Figuree 2D). A similar, better resolved, splitting was observed in the g! line of the EPR spectrum of the 

F120-nonreducingg hydrogenase from M. marburgensis in the Niu' state (Figure 2D). In neither of the 

twoo enzymes did the gx or the gy line show similar resolved couplings. The spectrum of the Niu' state of 

A.A. vinosum hydrogenase prepared in D20 was, apart from a small increase in the width of the g line, 

thee same as in H20 (table 1). The faint shoulders in the gz line were unaltered, showing that they are 

nott due to exchangeable protons (Figure 2D). 

Thee enzyme in the Nir' state prepared in H20 showed an EPR signal with g values at 2.330, 2.160 and 

2.0088 (gxy) with line widths of 16.5, 10.9 and 3.1 Gauss (Figure IB). A faintly resolved splitting in the gt 

linee was observed. In D20 this splitting was much better resolved (Figure 2C) indicating the removal 

off  the contribution of one or more exchangeable protons. The other two lines (gx and g) did not show 

anyy signs of coupling to exchangeable protons. When in the Nir' state in D20 the buffer was exchanged 

forr H20, the EPR spectrum remained unchanged (not shown). This showed that it was not possible to 

exchangee incorporated deuteron(s) with bulk proton(s) once the enzyme was in the oxidised state. 
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Jj Jj 

M M 
uLulmaliiiil l 
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D20 0 

rr  f ""• 
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ry y 
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n n 
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Figuree 1. EPR spectra of A. vinosum [NiFe] hydrogenase in the oxidised states in H20 and D20. Panel A: Enzyme 
inn the Nio state. Panel B: Enzyme in the Nir state. EPR conditions: microwave frequency, 9424 MHz (A), 9423 
MHzz (B); temperature, 70 K; power, 2 mW; modulation amplitude, 0.57 G. 
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2.355 2.33 2.31 2.18 2.16 2.14 2.01 2.00 2.02 2.01 2.00 

gg value 

Figuree 2. Detailed view of the EPR spectra of A. vinosum [NiFe] hydrogenase in H20 (fop) and in D20 (middle). 
Subtractionss of these spectra are shown at the bottom. Panels A, B and C: &, gy and & region of the Ni," state. Panel 
D:: g, region of the Ni," state of A. vinosum in H20 (top) and D20 (middle) and the g, region of the tm-
nonreducingg [NiFe] hydrogenase from M. marburgensis in the Ni„' state in H20 (bottom). All three spectra in 
panell  D are averages of 6 measurements. EPR conditions for all traces: microwave frequency, 9425 MHz; 
temperature,, 70 K; power, 2 mW; modulation amplitude, 0.57 G. 

Tablee 1. g values and apparent line widths (in Gauss) for EPR signals of the Ni„ ' and Nir states 
preparedd in either H20 or D20" 

gxgx Wx Sy Wy iz wz 

Ni,'' (H20) 

(D,0) ) 

Niu'' (H20) 

(D;Q) ) 

"Spectraa were recorded under non-saturating conditions (temperature, 70 K; microwave power, 2 mW; 
modulationn amplitude, 0.57 G). Data based on simulations of whole spectra except for W, which are based on 
simulationss of the g, region only and accounting for magnetic interaction with proton nuclei (for details see 
Figuree 3). 

Inn order to better understand the nature of the detectable couplings in the & region, the signals were 

simulated.. The g, line of the EPR spectrum of Nir*  in D20 could be simulated with a width (W,) of 3.1 

GG plus a splitting by two equivalent nuclei (J = 1/2) with a coupling constant (Au) of 4.7 G (Figure 

3B).. In order to simulate the & region of Nir' in H20 an additional coupling (J = 1/2) with A, = 2.35 G 

wass required to optimally fit  the shape of this & line (Figure 3A). Comparison of the spectra of Nir in 

H200 and in D20 showed that the hyperfine coupling from the exchangeable proton is mainly 

anisotropicc since it was observed only in the z direction (Figure 2). The line widths in the x and in the 

yy directions did not change upon H/D exchange and so no isotropic hyperfine interaction could be 

detectedd for this proton. 

2.3122 15.6 2.237 

2.3122 15.6 2.237 

2.3300 16.5 2.160 

2.3300 15.5 2.160 

10.99 2.013 4.8 

12.22 2.013 4.8 

10.99 2.008 3.1 

9.88 2.008 U. 
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2.00 0 

Figuree 3. Simulations of the gl region of the EPR spectrum of the Nir' state from A. vinosum hydrogenase 
preparedd in H20 (A) and in D20 (B). Top: experimental spectra at 0.57 G modulation amplitude. Middle: 
simulations.. Parameters for the enzyme in H20: W, = 3.1 G with three I = 1/2 nuclei (A,2 = 4.7 G, A, = 2.35 G). 
Parameterss for the enzyme in D20: W, = 3.1 G with two nuclei I = 1/2 (A, 2 = 4.7 G). The expected hyperfine 
contributionn (about 0.4 G) of a !H nucleus, replacing the 'H nucleus, was neglected. Bottom: difference of the 
experimentall  minus the simulated spectra. 

Thee distance (r) between an unpaired electron and a satellite nucleus can be estimated from their 

dipolarr (anisotropic) interaction according to: 

AAapap=(fi,g.fi=(fi,g.fi llll ggllll /h)>(plr>) /h)>(plr>) 
Inn this formula Adlp is the dipolar part of the coupling, £ is the Bohr magneton, ge is the electron g 

factor,, PN is the nuclear magneton, gN is the g factor of the nucleus and h is Planck's constant. 

Assumingg an unpaired spin density on the Ni nucleus (p) of 1, a dipolar coupling of 2.35 G can be 

causedd by a proton at a distance of 2.3 A. The results of theoretical studies predict variable spin 

densitiess on nickel: one study locates almost all of the unpaired spin density at the Ni ion in the Nir' 

statee (Niu, 1999), while another study shows that in this state only about half of the unpaired spin 

densityy in located on the Ni ion (DeGioia, 1999). In this latter case the estimated distance would be 

smallerr (1.7 A). 

Apartt from the oxidised states also the two EPR-detectable reduced states (Ni^C* and Ni.-L') were 

subjectedd to the same analysis. Similar experiments have already been published (Van der Zwaan, 

1990)1990) but in these studies a modulation amplitude of 6 G was used. Therefore,, we decided to repeat 

thesee experiments using a significantly smaller modulation amplitude (2.26 G). This did not reveal 

anyy previously unobserved couplings and as reported before, the line narrowing, especially in the Ni r 

CC state, was considerable upon H/D exchange (result not shown). In previous ENDOR studies weak 

protonn hyperfine couplings were observed (Fan, 1991; Whitehead, 1993) but due to the intrinsic 

broadnesss of the EPR lines these couplings remained unresolved in our spectra, also at higher 

resolutions. . 
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DISCUSSION N 

MagneticMagnetic properties. The EPR signals for the oxidised and the reduced states for [NiFe] hydrogenases 

aree long known and well studied. Careful analysis however, showed a previously unobserved, small 

couplingg by two nuclei in the g line of the Niu' EPR signal. In the A. vinosum enzyme this coupling is 

hardd to detect as the gt is intrinsically too broad (Wt - 4.8 G). In the M. marburgensis hydrogenase 

however,, the gt line is narrower, making the coupling more pronounced (Figure 2D). The experiments 

showw that this coupling is not caused by exchangeable protons, since the spectrum of the Niu' state of 

A.. vinosum enzyme prepared in D20 did not change (Figure 2D). 

Enzymee in the Nir' state prepared in D :0 showed a clear splitting at the gt line from two equivalent I= 

1/22 nuclei (Figure 2C). In H,0 this coupling was obscured by extra hyperfine splitting of an 

exchangeablee proton making the difference spectrum non-zero (Figure 2C). It was not possible to 

exchangee the incorporated deuteron for a proton when the enzyme was in the oxidised state. 

Thee results of the simulations of the gt line (Figure 3) are in good agreement with a recent ENDOR 

studyy on the [NiFe] hydrogenase of A. vinosum in the Nir' state (Gefiner, 1999). In this study, two 

large,, predominantly isotropic, couplings (12.5 and 12.6 MHz) were attributed to the 0 -CH2 protons 

(HII  and H2) of a bridging Cys residue (Cys533 in the D. gigas enzyme). These values correspond well 

too the observed splitting of the gt line of the Nir' spectrum by H1 and H2 in our study (4.7 G equals a 

couplingg constant of 13.2 MHz at g - 2.008). It has been shown by single-crystal EPR on D. vulgaris 

Miyazakii  F hydrogenase that the z-axis of the g tensor is oriented towards this bridging Cys residue 

(Trofanchuk,(Trofanchuk, 2000). Since the gt line of the EPR spectrum of Nir' is intrinsically narrow it is possible to 

detectt the coupling in this direction. 

Gefinerr and co-workers for the first time identified a proton (labelled M in (Gefiner, 1999) and H4 

here)) interacting with the unpaired electron on nickel in the Nir' state with an estimated coupling 

constantt of ~6 MHz. The ENDOR signals observed at 10 K were located only near the gt line where the 

signall  of the [3Fe-4S]+ cluster absorbs very strongly, hence, no proper assignment could be made. Our 

results,, obtained at 70 K, at which temperature the [3Fe-4S]+ cluster does not interfere, suggest that 

thiss coupling must be due to an exchangeable proton. Simulation of the gx line of the Nir'(HjO) 

spectrumm required a third proton, coupling with a magnitude of 2.35 G (6.6 MHz at g = 2.008), in 

orderr to properly mimic the experimental spectrum. The magnitude of this coupling and its 

anisotropyy indicate that the exchangeable proton observed in our experiment is the same one as 

spottedd by ENDOR spectroscopy. 

ENDORR studies also identified a much smaller coupling to the Ni-based unpaired electron in the 

enzymee in the oxidised ready state. This proton (H3), with a coupling constant of 3.5 MHz 

(approximatelyy 3 MHz anisotropic) could not unequivocally be assigned. The maximum coupling 

appearss near gi = 2.33 which makes an orientation of the dipolar axis close to the x-axis probable 

(Gefiner,(Gefiner, 1999). Fan and co-workers (Fan, 1991) showed that this proton was exchangeable and 

suggestedd it to be near to the Ni ion as a bound water molecule or a hydroxide. Gefiner and co-

workerss could not reject this interpretation but favoured the closest of the P-CH, protons of the 

secondsecond bridging cysteine residue (Cys68) which is positioned in the direction of the x-axis (Gefiner, 

1999).1999). This proton fitted a minimal distance of 3 A to the Ni site. We do not think, however, that this 
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protonn would be exchangeable. Alternatively, they considered a proton bound to one of the terminal 

cysteinee residues (Cys530 or Cys65) to couple to the S = 1/2 Ni site at this frequency. Based on 

argumentss discussed in the following section, we prefer H3 to be a proton on the sulphur of Cys530, 

whichh is also directed along the x-axis. 

StructuralStructural implications. The coupling of an exchangeable proton (H3) in the Nit' state and the 

anisotropyy thereof, obviously has implications for the active site structures in the oxidised states. In 

thee crystal structure of D. gigas gigas hydrogenase, a patch of electron density bridging the Ni and the Fe 

atom,, was assigned to an oxygen species. It should be mentioned that the crystal structure was 

obtainedd from a mixture of different enzyme redox states (50% EPR silent, 42.5% Niu' and 7.5% Nir'). 

Thiss limits a proper assignment of the bridging oxygen to a certain state. EPR studies of A. vinosum 

enzymee oxidised with 02 enriched in I70 (J= 5/2) had already shown that an oxygen species must be 

presentt close to nickel in both the Niu*  and the Nir' state, since considerable line broadening was 

observedd for both (Van der Zwaan, 1990). However, the exact identity of the oxygen species remained 

unclear.. Possible candidates include O2', OH' and H20. For the Nir' state a hydroxide ligand (OH) 

wouldd explain both the "O coupling (Van der Zwaan, 1990) and the coupling of the exchangeable 

protonn found in this study. The anisotropy of the proton coupling suggests that it is positioned in the 

directionn of the z-axis (Figure 4A). In the crystal structure this axis runs from the bridging Cys533 to 

thee empty ligand site facing the gas channel (Trofanchuk, 2000; Montet, 1997). A crystallographic study 

onn the D. vulgaris Miyazaki F enzyme showed that this is also the binding place for exogenous CO 

(Higuchi,(Higuchi, 2000b). 

Ann EPR analysis of model compounds (Grove, 1983) supports the theory that the unpaired electron in 

aa low spin 3d7 system with gt ~ 2 is occupying the d,2 orbital (Wertz, 1972). In this study a series of 

Ni(III )) complexes of the general formula Ni[CsH)(CH2NMeJ)1-o,o]X1 with X = CI, Br or I was 

analysed.. The crystal structure of the iodide complex was determined and showed a distorted, square-

pyramidall  coordination with a halide in an apical position and two nitrogens, one carbon and one 

halidee in the equatorial plane. The 9 GHz EPR spectrum of the chloro compound (gm - 2.366,2.190, 

2.020)) showed a four-fold splitting in the gt line due to coupling to the apical chloride (J = 3/2). EPR 

spectraa of the bromo and the iodo compounds at 35 GHz also showed a four-fold splitting restricted 

too the &  direction (S.P.J., Albracht, DM. Grove, and G. van Koten, unpublished results). The equatorial 
halidee and nitrogens did not show resolved hyperfine interactions with the unpaired electron on Ni . 

Thesee observations, and the fact that the gt line is very close to the free electron value, indicate that the 

unpairedd electron is in an orbital with a large di character i.e. the orbital pointing towards the apical 

halide.. This supports our model of the Ni," active site in which an OH" is binding at the Niï+ ion in the 

directionn of the z-axis and pointing towards the gas channel, rather than to the Fe atom (Figure 4A). 

ENDORR experiments with S7Fe enriched enzyme from Desulfovibrio desulfuricans also indicated the 

absencee of a bridging ligand in the ready state (Huyett, 1997); no coupling between the Ni-based 

unpairedd spin and the Fe nucleus could be observed. The same study showed that in the Niu state of 

thee enzyme from D. gigas, the electronic contact between the Fe and the Ni was a littl e stronger, since a 

weakk coupling (~ 1 MHz) was observed. 
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Fromm the magnitude of the anisotropic coupling the distance from the proton to the unpaired 

electronn can be calculated. Assuming a completely anisotropic coupling of 2.35 G (6.6 MHz) we 

estimatee a Ni-H distance of 1.7-2.3 A. According to extended X-ray absorption fine structure (EXAFS) 

measurementss on the A. vinosum enzyme, the Ni-O distance in the Nir' state is 1.86 A (Davidson, 

2000).2000). On average O-H bonds are 1.0 A long. Stereochemically these bond lengths require a bend 

coordinationn of the OH" to the Ni with a Ni-O-H angle of about 100° to fit the estimated distance 

(Figuree 4A). This is also in line with the weak "O interaction in the z-direction (Van der Zwaan, 1990); 

aa much stronger interaction would be expected for a l70 nucleus oriented along the z-axis. 

Ann exchangeable proton at this position in the Niu' state is unlikely since in H20 and D20 the EPR 

spectraa are the same and the splitting of the gz line by the fJ-CH protons of the Cys533 is almost 

resolved.. On basis of the crystal structure data we opt for an oxygen species in the bridging mode in 

thee unready state (Figure 4B). In the crystal structure (assuming to represent mainly the oxidised and 

reduced,, unready states, Volbeda, 1995) the oxygen is bridging in an asymmetric manner (Volbeda, 

1996a),1996a), the Ni-0 distance being 1.7 A and the Fe-0 distance 2.1 A (Fontecilla-Camps, 1999). However, 

finalfinal proof can only be obtained by comparing the crystal structures of enzyme in the Nir' and Niu 

state.. This work is currently in progress. 

Figuree 4. Proposed active site structure for A. vinosum [NiFe] hydrogenase in the oxidised state. (A) Ready 
enzyme.. (B) Unready enzyme. The exact identity of the bridging oxygen ligand can not be postulated based on 
thee present data. Protons shown in bold can be exchanged in active, reduced enzyme. Numbering of the S atoms 
off  the Cys residues is as in the D. gigas crystal structure (Volbeda, 1995). 

Afterr discussing the nature of the coupling protons H1, H2 and H4 we will now turn to H3. This 

showss a small (3.5 MHz), rather anisotropic, coupling in ENDOR spectra (Gefiner, 1999; Fan, 1991) 

andd the proton causing it (H3) could be exchanged after activation and reoxidation of the enzyme 

(Fan,(Fan, 1991). Electron spin-echo envelope modulation (ESEEM) measurements also showed a 

couplingg of an exchangeable proton after reoxidation to the NiB' state (Chapman, 1988). Based on 

thesee literature data and the active site models derived from this study, we favour the proton H3 on 

onee of the terminal Cys thiols. The exchangeability of this proton in reduced, active enzyme implies 

thatt (de)protonation of this ligand might play a role in catalysis. On the basis of the different 

biochemicall  properties of [NiFeSe] hydrogenases compared to [NiFe] hydrogenases we propose that 

Cys530,, which is replaced with a selenoCys residue in [NiFeSe] hydrogenases, acts as the proton-

acceptingg base in catalysis (Garcin, 1999). This could be a proton which can be exchanged in both Niu 

andd in Nir' upon reduction and reoxidation. EPR is not sensitive enough to sense a hyperfine coupling 
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off  this H3 proton (this study). ENDOR measurements on A. vinosum [NiFe] hydrogenase in the pure 

unreadyy state prepared in H,0 and D20 might yield more information about the nature of this 

proton. . 

ReactivityReactivity of oxidised enzyme. The different active-site structures for enzyme in the unready and the 

readyy states provide a possible basis to understand the differences in reactivity. In the ready state the 

Fee atom is five coordinate so dihydrogen can bind at the sixth site. We assume that this H2 is 

subsequentlyy used to reduce the Ni ion and the 3Fe cluster. This changes the vKt of the Ni-bound 

hydroxide,, which becomes protonated and is removed from the active site as water. A second H, then 

bindss to the Fe site, inducing the oxidation of NiI+ to Ni3*  (the Ni,-C" state). This state can rapidly react 

withh another H2 to form the fully reduced NirSR state (Coremans, 1992a; Happe, 1999). 

Inn the unready state a bridging oxygen species forms the sixth ligand to iron, thus preventing the 

bindingg of dihydrogen to iron and subsequent activation. We envisage the very slow conversion of the 

unreadyy state to the ready state, which occurs under mildly reducing conditions at the one-electron 

reduced,, EPR-silent level (Surerus, 1994) as the rearrangement of the oxygen species bound to nickel 

fromm a bridging to an end-on position. This transition requires elevated temperatures for the A. 

vinosumvinosum enzyme (40 to 50°C). 
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AA new form of the A. vinosum [NiFe] hydrogenase 

ABSTRACT T 

AA new form of the [NiFe] hydrogenase from Allochromatium vinosum was obtained. The EPR 

spectrumm of the oxidised state of this form was very similar to the Ni.-C* state, but this state was not 

lightt sensitive, showed no activity and was stable in air. Reduction of this state with dithionite yielded 

aa second state with an EPR spectrum resembling that of enzyme in the Ni,-L*  state. The consequences 

off  these results for the model with a bridging hydride coordinated to nickel in the Ni,-C* state, are 

discussed.. Furthermore, an alternative reaction catalysed by the [NiFe] hydrogenase from A. vinosum 

iss hypothesised, namely the oxidation of CO to C02. 
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Hydrogenasess catalyse the reversible oxidation of hydrogen into two protons and two electrons. The 

membrane-boundd [NiFe] hydrogenase (MBH) of Allochromatium vinosum belongs to the standard 

hydrogenases,, just like the one from Desulfovibrio gigas. The [NiFe] hydrogenase of this latter 

bacteriumm has been crystallised and the structure was refined to a resolution of 2.54 A (Volbeda, 

1995,1996a).1995,1996a). It shows an unprecedented, bimetallic active site, containing a nickel and an iron atom, 

locatedd in the large subunit (62 kDa) of the heterodimeric enzyme. The Ni and the Fe ion are bridged 

byy two cystein thiols and the iron atom binds three non-protein ligands that were characterised in 

thee A. vinosum enzyme by infrared spectroscopy as one CO and two CN" ligands (Happe, 1997; 

Pierik,Pierik, 1999). The stretching frequencies of these diatomic ligands vary with the different redox states 

off  the enzyme (Bagley, 1995). 

Thee small subunit (32 kDa) harbours three Fe-S clusters in an almost linear arrangement: two [4Fe-

4S]J+/HH clusters (Em - -400 and -350 mV at pH 8, Teixeira, 1989) with in between a [3Fe-4S]1+w cluster 

(Eraa - -35 mV at pH 7, Cammack, 1982). The midpoint potential of the 3+/2+transition of the Ni ion 

inn inactive enzyme is -145 mV (pH 7.2) for the D. gigas gigas enzyme (Cammack, 1982) and -115 mV (pH 

8.0)) for the A. vinosum enzyme (Coremans, 1992a,1992b). The midpoint potentials of the Fe-S 

clusterss in the A. vinosum enzyme, used in this study, are similar to those in the D. gigas enzyme 

(Coremans,(Coremans, 1992a, b). The A. vinosum hydrogenase contains an extra, unknown n=l redox 

componentt (X, Em = +150 mV) (Coremans, 1992b). Thus, upon gradual oxidation of fully reduced 

enzyme,, the two [4Fe-4S] clusters are oxidised first. Subsequently, provided the temperature is 

sufficientlyy high (Coremans, 1989,1992b), the Ni ion in the active site is oxidised to the 3+ state and 

thenn die [3Fe-4S] cluster is oxidised. Finally, X is oxidised to a paramagnetic state, resulting in a 

strongg coupling of X with the 3Fe cluster and a weak coupling of the {[3Fe-4S]*=X™}  moiety with the 

Nii  paramagnet (Surerus, 1994). The Fe ion in the active site is not redox active and remains in a low-

spin,, 2+ valence state (Surerus, 1994; Dole, 1996). 

Twoo EPR signals from Ni are observed in oxidised, inactive [NiFe] hydrogenase of A. vinosum; the 

correspondingg states are termed 'unready' (Nig\ g  ̂ = 2.31,2.24,2.01) and 'read/ (Nir\ g  ̂ = 2.33, 

2.16,2.01).. Both signals are due to low-spin 3d7 systems of Ni3+ (Albracht, 1994). Reduced, active 

enzymee in the Ni,-C* state (subscript a for active) shows an EPR spectrum with g values 2.20,2.15 

andd 2.01 (Van der Zwaan, 1985). When illuminated at low temperatures (T < 100 K) this state 

rapidlyy converts to the Ni.-L' state, with g  ̂ = 2.045,2.13,2.27 / 2.29 (Van der Zwaan, 1985). The 

illuminationn effect is 6-fold slower when performed in D20, indicating the photodissociation of a 

hydrogenn species (Van der Zwaan, 1985). The formal valence state of the Ni ion in these two latter 

statess has long been a topic of debate. For both states Ni1*  (3d9) as well as Ni*  (3d7) ions have been 

proposedd (Van der Zwaan, 1985; Moura, 1982; Kojima, 1983; Roberts, 1994). We presently believe 
thatt the Ni ion is trivalent in the Ni,-C' state and that upon illumination a metal-hydride bond in the 

activee site is broken (Happe, 1999). The two electrons from this hydride are accepted by the Ni ion, 

reducingg it to the 1+ state (the Ni,-L' state) and the remaining proton is accommodated somewhere 

inn the vicinity of the active site. 

Carbonn monoxide is a competitive inhibitor of most [NiFe] hydrogenases (K,~25 uM). When 

exposedd to CO the Ni1+ ion in the active enzyme binds CO (the Ni,-S*CO state) (Van der Zwaan, 

1986).1986). Low-temperature (20 K) FTIR spectra of [NiFe] hydrogenase from A. vinosum in the Nit-
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S*COO state show an extra absorption band at 2060 cm' ascribed to terminally bound, external CO 

(Bagley,(Bagley, 1994). The binding of CO to the active site has previously been used to study the magnetic 

propertiess of the Fe-S clusters and the unknown redox group X in the oxidised states, whilst keeping 

thee Ni site EPR silent (Surerus, 1994). 

Inn the present study, a novel form of the active site was encountered by the replacement of the CO 

gass by Ar in the presence of excess oxidising agent. From the properties of this form we conclude that 

thee Ni-Fe site is apparently trapped in an active-like conformation in which the Ni ion experiences a 

ligandd field very similar to that in the Nit-C* state. Despite the spectral similarities with the N^-C* 

state,, the novel form is inactive in a hydrogen uptake assay and hence named Ni,-C* (subscript i for 

inactive).. The Ni,-C" state is also not light sensitive which suggests that it does not bind a photolabile 

hydrogen. . 

Thee formation of the new form has also been followed by FTIR. A quantitative analysis of the data 

showedd that the amount of abstracted reducing equivalents during the oxidation of the enzyme 

widelyy exceeded the calculated amount. It is hypothesised that, under certain conditions, the [NiFe] 

hydrogenasee from A. vinosum can oxidise CO to CO,. 

MATERIAL SS AND METHOD S 

EnzymeEnzyme purification and characterisation. A. vinosum (DSM 185) was grown in a 700-L batch 
cultur ee (Van Heerikhuizen, 1981) in a medium essentially as described (Hendley, 1955; Albracht, 

1983).1983). Cells were harvested and the enzyme was isolated and purified as described (Coremans, 1989). 

Hydrogenn oxidising activity was measured amperometrically (Coremans, 1992b). Protein 

concentrationss were determined with the method according to (Bradford, 1976). Nickel 

concentrationss were determined using Atomic Absorption Spectroscopy (AAS). 

PreparationPreparation of the novel enzyme form. The purified [NiFe] hydrogenase from A. vinosum (200 ul, 20 

uMM in 50 mM Tris-HCl, pH 8.0) was rebuffered to 50 mM MES (pH 6.0) and fully reduced by 

incubationn under 100% H2 at 50°C for 45 min in a 10 ml serum-capped bottle. The sample was left to 

cooll  to RT for 10 min. Then the gas phase was exchanged with CO by evacuation and flushing (8 

times)) and the sample was left to equilibrate at RT for 10 min. The sample was then cooled on ice (10 

min)) and a K,Fe(CN)4 solution (potassium ferricyanide, Em = +358 mV), also saturated with CO, was 

addedd anaerobically to a final concentration of 15 mM. The dye was left to react with the enzyme for 

300 min, keeping the sample on ice. This was followed by exchanging CO with Ar 

(evacuation/flushing,, 8 times), while still cooling the sample on ice for 30 min. At this point the 

proteinn solution had become slightly turbid, possibly due to the slightly acidic pH. To circumvent 

this,, the same treatment was tried at higher pH values. At pH 8.0, however, this led to a considerable 

amountt of the enzyme in the 'unready" state (Niu\ 40 to 50% of the EPR detectable centres), while 

oxidationn at pH 9.0 mainly yielded enzyme in the oxidised 'ready*  (Nir') state. To separate the redox 

dyee from the enzyme, the sample was centrifuged aerobically through a Sephadex G 50 column at RT 

(Penefski,(Penefski, 1979). In this step the precipitate was also removed and the sample was rebuffered to 50 
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mMM Tris-HCl (pH 8.0). The clean sample was concentrated, transferred to an EPR tube and frozen 

underr aerobic conditions. After inspection by EPR the sample was thawed, reduced with dithionite 

(255 mM) in the EPR tube under Ar and refrozen anaerobically. 

Thee whole process was also followed with FTIR. A solution of activated hydrogenase (-120 uM (11 

mg/ml)) in 50 mM Tris-HCl, pH 8.0) was exposed to CO gas in a vial as described above. Then an 

ice-coldd CO-saturated ferricyanide solution was added (final concentrations: ferricyanide 7.5 mM, 

hydrogenasee 5.6 mg/ml) and the cold mixture was quickly transferred to a gas-tight FTIR cell at RT. 

Afterr the required flushing of the sample compartment of the spectrometer for 10 min with dry air, 

recordingg of the first FTIR spectrum was started exactly 15 min after the addition of the ferricyanide 

solutionn to the sample. From this point onwards, spectra were taken after 30,45,60,75,100,120 and 

1500 min. Since the sample was saturated with CO at approximately 0°C, the calculated initial CO 

concentrationn in the measurement cell was 1.5 mM. The ferricyanide and ferrocyanide 

concentrationss in the sample were determined from the peak areas (expressed in absorption units) 

usingg control spectra from stock solutions as standards (0.043 mM"1 for ferricyanide and 0.312 mM'1 

forr ferrocyanide in the used cell). In a control experiment bovine serum albumin (BSA, 5.5 mg/ml) 

andd ferricyanide (7.5 mM) were incubated under CO and monitored for 150 min with FTIR. 

SpectroscopicSpectroscopic analysis. X-band EPR spectroscopy, illumination of the samples, simulation and 

integrationn of spectra were performed as before (Happe, 1999). FTIR spectra were taken on a BioRad 

FTSS 60A spectrometer equipped with an MCT detector. Averages of 100 spectra were recorded with a 

resolutionn of 2 cm'1 using the spectrum of a buffer solution as a background. The sample 

temperaturee was 25°C. Samples were loaded into a gas-tight transmission cell consisting of CaF2 

windowss and Teflon spacers (path length 50 um). The software supplied by BioRad was used to 

determinee peak surface areas. 
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RESULTS S 

EPREPR spectroscopy. After the treatment described in the experimental section, the active-site nickel 

wass paramagnetic. Its EPR spectrum (g^ = 2.200, 2.160, 2.009, Figure 1, trace a) was very similar to 

thee well-studied spectrum of enzyme in the reduced, active, Ni,-C state (gm = 2.195, 2.145, 2.008, 

Figuree 1, trace b) (Van der Zwaan, 1985). Since the new form was inactive (see Activity 

measurements)measurements) it was named NifCox' (i for inactive, ox for oxidised). At 14 K the EPR spectrum of the 

neww form also showed an intense absorption around g = 2 from an oxidised [3Fe-4S] cluster (Figure 

1,, trace c). Part of the cluster population showed the typical strong coupling to the unknown redox 

componentt X (see arrows) (Surerus, 1994), but contrary to customary oxidised enzyme (Albracht, 

1984),1984), there was no detectable coupling of the {[3Fe-4S]t=X°x}  moiety to the Ni paramagnet. The g = 

22 signal looked precisely like the one found in oxidised enzyme where the Ni ion was trapped in the 

EPR-silentt state with CO (Surerus, 1994). The intensity of the Ni signal represented 0.35 spins/Ni and 

wass approximately 70% of the intensity of the combined [3Fe-4S]*  cluster and the {[3Fe-4S]*=X°x} 

moiety. . 

n i l , , ,, I . . i 

2.44 2.3 

Figuree 1. X-band EPR spectra of different forms of the 
[NiFe]]  hydrogenase of A. vinosum: (a) the novel form in 
thee oxidised state; inset: enlargement (5x) of the low-field 
partt of the spectrum showing a small amount of enzyme 
inn the Ni„ ' state (g„=  2.31, gy = 2.24), (b) the Ni,-C' state, 
(c)) the oxidised [3Fe-4S] cluster of the sample in (a) 
recordedd at 14 K; inset: enlargement (4x) recorded at a 
modulationn amplitude of 0.4 mT, (d) the novel form, 
anaerobicallyy reduced with 25 mM dithionite, (e) the Ni,-
L'' state, (f) the novel form, anaerobically reduced and 
incubatedd under CO recorded at 30 K, (g) reduced, active 
enzymee incubated under CO and recorded at 45 K. 
EPRR conditions: microwave frequency, 9,427 MHz; 
temperature,, 70 K (unless stated otherwise); power, 2 
mW;; modulation amplitude, 1.27 mT. 

2.2 2 2.1 1 2.0 0 

gg value 
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Despitee the similarities with the Ni4-C' state, the Ni,-COT'  state was not sensitive to light at cryogenic 
temperatures;;  illuminatio n with white light for  more than 20 min at 4.2, 30 or  70 K did not invoke 
anyy change in the spectrum (not shown). For  comparison, the Nî C* state completely converted to 
thee Ni,-L' state within 5 min when illuminated at 30 K (g^  = 2.041,2.127,2.266 / 2.290, Figure 1, 
tracee e) (Van der Zwaan, 1985). Likewise, the Ni^C j  state was not sensitive to O, or  CO: 30 min 
incubationn at 50°C under  air  or  CO did not alter  the spectrum (not shown). Also a short exposure 
(200 s) to 1% Hj  / 99% He at 2°C did not re-establish the light-sensitivity, so if the new form can react 
withh H2, its affinit y for  hydrogenn can not be very high. 

Thee novel form could be reduced chemically with dithionit e (25 mM under  Ar, 20 min at RT) to the 
NifC,«i''  state (red for  reduced). The EPR spectrum changed in a similar  manner  as the spectrum of 
thee Ni,-C' state upon illumination , but the resulting spectrum was more complex; a summation of 
fourr  slightly different spectra was observed. While only one gt value was observed (2.045), four  partly 
overlappingg g values and three clearly resolved gt values at 2.19,2.24 and 2.30 were distinguished. 
Theg,, at 2.24 is asymmetric and probably consists of two overlapping peaks (Figure 1, trace d). The 
overalll  pattern, especially the gx value, was fairl y similar  to the Ni(-L' spectrum (Figure 1, trace e). 
Afterr  chemical reduction, the novel form was incubated under  CO yielding thee Nif'  CO state with an 
almostt  axial spectrum (g = 2.112,2.096,2.010, Figure 1, trace f). A very similar  spectrum was 
observedd after  prolonged incubation of reduced, active enzyme under  CO, but this signal represented 
onlyy 2% of the total enzyme concentration (Figure 1, trace g) (Van der Zwaan, 1986). The intensities 
off  the spectra of the N^-C ,̂ '  state (Figure 1, trace d) and the Ni,"  CO state (Figure 1, trace f) were the 
same,, indicating a stoichiometric conversion of one into the other  upon binding of CO. Only a very 
weakk light-sensitivity was observed for  the Ni,"  CO state: after  45 min of illuminatio n with white light 
att  30 K some 10% ended up in the state before CO treatment. The remaining part still showed the 
axiall  spectrum. 

FTIRFTIR  spectroscopy. Due to instrumental limitation s the first FTIR spectrum could only be taken 15 
minn after  the start of the reaction with ferricyanide (Figure 2, trace a). It showed the [NiFe] 
hydrogenasee from A. vinosum in mainly the CO-inhibited state. The stretch vibration from the 
intrinsi cc CO was at 1929 cm"1 and from its intensity an enzyme concentration of 61 uM (5.6 mg/ml) 
wass estimated. The region where the three other  peaks that belong to this state occur, is enlarged in 
Figuree 2: two peaks were observed at 2068 and 2081 cm*' from the active-site cyanides and a thir d 
onee at 2055 cm"' from the exogenous, inhibitin g CO. The two intense bands came from ferricyanide 
(FIC,, 2115 cm') and ferrocyanide (FOC, 2037 cm"') . Part of the added ferricyanide (initia l 
concentration::  7.5 mM) was already reduced after  15 min. The intensity of the observed peak at 2037 
cm"11 corresponded to a ferrocyanide concentration of 0.58 mM; the ferricyanide concentration after 
155 min was 6.89 mM. The changes in the hydrogenase active site and those in ferricyanide and 
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Figuree 2. Oxidant-induced changes of the CO-inhibited 
[NiFe]]  hydrogenase of A. vinosum followed in time by 
FTIRR spectroscopy. Spectra are not baseline corrected. FIC, 
potassiumm ferricyanide; FOC, potassium ferrocyanide. 

21500 2100 2050 2000 1950 1900 Spectra taken after 15 min (a), 45 min (b) and 150 min (c). 
Wavenumberss (cm-1) 

ferrocyanidee concentrations could now be followed in time, monitoring the absorption peaks of all 

reactantss involved. 

Fromm trace b in Figure 2 it can be seen that after 45 min at 25°C, the ferricyanide concentration 

furtherr decreased to 6.73 mM and the ferrocyanide concentration rose to 0.72 mM. The peak at 1929 

cm'11 from the Ni.-S'CO state decreased and two overlapping peaks at 1948 cm'1 and 1945 cm'1 

appeared.. The peaks of the intrinsic enzyme-bound cyanides diminished in time. After 150 min the 

19299 cm"1 peak had completely disappeared while the 1948 /1945 cm'1 band as well as that of the 

ferrocyanidee had further increased (Figure 2, trace c). After 150 min the ferricyanide and 

ferrocyanidee concentrations were 6.52 mM and 0.95 mM, respectively. Close inspection of the 

cyanidee region showed two low-intensity, broad peaks at 2078 and 2091 cm'. Analysis of the 

ferricyanidee and the ferrocyanide concentrations in time (Figure 3) clearly showed that the ferri-

compoundd was reduced to the ferro-compound. As the enzyme concentration was 61 uM (5.6 

mg/ml),, the steady increase of the ferrocyanide concentration to 950 uM showed that the source of 

thee reducing equivalents could not only be the enzyme. In the control experiment with BSA (5.5 

mg/ml)) and 7.5 mM ferricyanide saturated with CO, no reduction of ferricyanide to ferrocyanide 

wass observed which showed that the extra electrons were not produced by a non-specific background 

reaction. . 

Thee measured EPR samples (prepared at pH 6.0 and rebuffered to pH 8.0) were concentrated and 

inspectedd by FTIR as well. They showed an absorption peak of the intrinsic CO at 1948 cm'1 with a 

shoulderr at 1945 cm"1 (not shown). No clear peaks were observed in the cyanide region. Upon 

reductionn of this species with dithionite (25 mM) the CO peak shifted to 1938 cm"1 and decreased 

threefoldd in intensity (not shown). Again, no clear peaks were observed in the cyanide region. 
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Figuree 3. Concentrations of ferricyanide and ferrocyanide as observed while monitoring the reaction of the Ni,-
S-COO state with ferricyanide in time with FTIR. The concentrations were derived from the peak surfaces at 2115 
cmm ' (ferricyanide, ) and 2037 cm' (ferrocyanide, D) as described in the experimental section. 

ActivityActivity measurements. The novel form in its oxidised state showed no immediate activity in the 

uptakeuptake assay, despite the EPR-spectral resemblance to active enzyme. After a lagphase of about 1 to 2 

minn a slow increase in activity was observed to a maximum specific activity of only 1.8 U/mg 

(untreated,, activated enzyme: 164 U/mg). This residual activity is probably due to a small amount of 

enzymee that was oxidised to one of the normal oxidised states (see Figure 1, trace a). After 2 h 

incubationn under H2 at RT the specific activity had not increased any further, indicating that the 

enzymee was irreversibly inactivated. 

DISCUSSION N 

EPREPR spectroscopy. Since the EPR spectrum of the new form in the oxidised state (the NirCox' state) 

andd that of enzyme in the Ni rC' state are much alike in terms of g values and line shapes (Figure 1), 

wee conclude that the coordination of the Ni ion must be highly similar in both. The final step in the 

productionn of the new form was an oxidation of the divalent nickel in the N^-S'CO state with 

ferricyanide,, which could only occur upon removal of CO by flushing with Ar. Hence, the formal 

oxidationn state of the Ni ion in the new state is most likely 3+, and the EPR signal suggests a low spin 

3d77 system. This resembles the properties of the formal trivalent state of Ni in the Ni.-C state (Van 

derder Zwaan, 1986). Since the gt value is very close to the free electron g value (2.0023), the unpaired 

electronn is in an orbital with mainly d,2-character (Wertz, 1972). Assuming octahedral symmetry this 

impliess that the dx2 2 orbital is the one highest in energy. 

Untreatedd A. vinosum enzyme often shows a coupling of part of the [3Fe-4S]+ cluster population with 

ann unidentified redox component X (Coremans, 1992b; Albracht, 1984). The {[3Fe-4S]*=X0"}  moiety 

iss weakly coupled to the S = 1/2 system of Ni5*  (Surerus, 1994). Although coupling of X to the 3Fe-

dusterr is observed (as indicated by the arrows in trace c, Figure 1) there is no interaction with the 

paramagneticc Ni. This is obviously due to a change in the environment of Ni in the oxidised state of 

thee new form compared to enzyme in the Nir' and Niu' states. Single-crystal EPR onn the [NiFe] 
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hydrogenasee from Desulfovibrio vulgaris Miyazaki F showed that in the oxidised states the gt axis runs 

fromfrom Ni to one of the bridging thiols (Trofanchuk, 2000) (Cys533, numbering of the residues is as in 

thee D. gigas crystal structure, Volbeda. 1995). EPR studies on the "Se-enriched F,„-non-reducing 

hydrogenasee from Methanococcus voltae in the Ni^C state suggested that in this state the gz axis 

pointss to the terminal SeCys530 (Sorgenfrei, 1997). The g-tensor of the Ni3t ion in the new form, with 

itss EPR spectrum strongly resembling that of the Ni,-C' state, is most probably similarly oriented (i.e. 

thee gt axis pointing from Ni to Cys530). 

Contraryy to enzyme in the Ni,-C* state, the EPR signal of the N^-Cj state did not change upon 

illuminationn with white light. Reduction with dithionite to the N^-C^,' state, however, yielded a 

spectrumm resembling that of the Ni,-L*  state. Since the change in spectrum was induced by a chemical 

reduction,, the Ni ion in the reduced novel form is accordingly proposed to be formally 1+ (3d9). 

Thesee observations support the Ni(III ) - Ni(l ) transition proposed in the model for the photolysis 

describedd earlier (Happe, 1999). Recent relativistic DFT calculations also support a formal Ni(III ) -

Ni(I )) transition (Stein, 2001). Since the Rvalue (2.045) of the Ni,-L' spectrum deviates considerably 

fromfrom &, the unpaired electron is expected to be in an orbital with predominantly d,2.r2 character 

(Wertz,(Wertz, 1972). This means that the d^y orbital is the orbital highest in energy in both the dark and 

thee light state. In the "Se-enriched M. voltae hydrogenase in the Ni,-C* state the superhyperfine 

couplingg of the unpaired electron (3d', unpaired electron in d )̂ with the "Se nucleus (ƒ = 1/2) is 

anisotropicc and mainly interacts in the gt direction (Sorgenfrei, 1997). Deduced from this, the 

orientationn of the gj axis is along the Ni-SeCys530 bond. In the Ni,-L*  state, however, the "Se nucleus 

coupless mainly isotropically to the unpaired electron (3d', unpaired electron in d ^ ) . A finite 

electronn density on the "Se nucleus in the Ni,-L' state then suggests a 90° flip of the magnetic axes on 

goingg from the dark to the light state. The formation of a light-insensitive, oxidised Ni.-C'-like state 

raisess the question whether the photolabile hydrogen species in the Ni t-C' state is a direct ligand to 

Nii  or not. Current views in (especially) theoretical approaches (for a recent overview see Fan, 2001 

andd references therein) predict that the photolabile hydrogen species is in a bridging position 

betweenn Ni and Fe. We feel that the removal of a hydride ion (an excellent nucleophile) from Ni 

wouldd result in major changes in the EPR spectrum. It cannot be excluded, however, that the 

presencee or absence of a bridging hydride has only minimal effects on the Ni EPR spectrum. 

Nonetheless,, the superhyperfine interaction observed in a model complex with an axially 

coordinatedd hydrogen atom (7 = 1/2) to a paramagnetic Ni(I) site was incomparably larger (-300 

MHz)) (Morton, 1984) than the magnetic interactions observed in the [NiFe] hydrogenases from A. 

vinosumvinosum (Van der Zwaan, 1985) and Thiocapsa roseopersicina in the Ni,-C' state (Whitehead, 1993). 

Bothh studies report an interaction between the Ni-based unpaired electron and the photolabile 

hydrogenn species of only 20 MHz. This rules out an axial hydride positioned along the magnetic z-

axis.. In our view a likely binding place for the hydrogen species in the Ni rC* state would be at the 

active-sitee Fe2t ion, trans to the active-site CO, but without Fermi-contact interaction with Ni. 
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Figuree 4. Schematic overview of the spectroscopic characteristics, the proposed structural models and the formal valencies 

off  Ni in the novel states described in this report. Orientations of the g^-axes are based on a combination of the data 

presentedd here and those deduced from the study on the F)a,-nonreduring [NiFeSe] hydrogenase from U. voltae enriched in 

"Se"Se (Sorgenfrei, 1997). 

Finallyy in this section, we would like to discuss the binding of CO to the chemically reduced Ni,-Cred 

statee to form the Ni ' CO state. A nearly axial EPR spectrum with the same integrated intensity as the 

spectrumm of the reduced state of the novel form was the result. The line shape was exactly the same as 

thee EPR spectrum observed after prolonged incubation of active, reduced enzyme under CO (Van 

derder Zwaan, 1985). These signals are also reminiscent of an EPR signal observed in carbon monoxide 

dehydrogenasee (CODH) from Clostridium thermoaceticum after incubation under CO, that was 

attributedd to a Ni(III)-based unpaired electron interacting with CO (and with Fe in "Fe-enriched 

enzyme)) (Ragsdale, 1982). A recent crystal structure of a CODH from Carboxydothermus 

hydrogenoformanshydrogenoformans revealed a novel [Ni-4Fe-5S] cluster as the active site (Dobbek, 2001). In this 

clusterr the Ni ion is in a tetrahedrally distorted square planar geometry, about 0.3 A above the plane 

spannedd by four of the inorganic S ligands (at -2.3 A). CO binding is suggested to occur at the apical 

position,, imposing a square pyramidal geometry on the Ni ion (Dobbek, 2001). The X-ray structure 

fromm the CODH of Rhodospirillum rubrum was recently published as well and in this work the active 

sitee was proposed to consist of a [Ni-3Fe-4S] cluster bridged to a mononuclear Fe site by a cysteine 

sulphurr (Drennan, 2001). 

Thee nearly axial EPR spectrum of the Ni/CO state might also arise from a Ni ion in a square 

pyramidall  geometry, binding four cysteine sulphurs and at least one end-on bound CO molecule 

(Figuree 4c). The fact that only the reduced form of the novel form can bind CO, leads us to the 

conclusionn that the resulting EPR spectrum is caused by an unpaired electron based at a monovalent 

Nii  site. A paramagnetic, CO binding state (Ni.'-CO) displaying a rhombic spectrum (g^ = 2.12, 2.07, 

2.02)) has been observed before in the [NiFe] hydrogenase from A. vinosum (Van der Zwaan, 1986). 

Rapid-mixing/rapidd freezing studies indicated that also in this state the Ni ion is formally 



AA new form of the A. vinosum [NiFe] hydrogenase 

monovalentt (Happe, 1999). The Ni/CO state was formed through the illumination at 30 K of the 

Ni (-C'' state with CO very close to the active site. Illumination led to the formation of the regular Nit-

L**  state and after dark adaptation the rhombic spectrum of the Ni.'»CO state was observed. The 

majorr difference between the Ni,'*CO and the Ni^CO state is that in the first state the active site 

remainedd intact (as can be seen from the light-sensitivity) whereas for the second state the 

insensitivityy to light and the lack of H2 oxidising activity indicated an irreversible change in the active 

site.. We currently do not understand the nature of this change in the active site, but from the loss of 

intensityy of the cyanide absorption bands in the FTIR it looks as if the iron side is seriously damaged. 

Inn both the Ni/CO {gn = 2.070) and the Ni^-CO state (&, = 2.073) the shift of g values towards 2 

indicatesindicates an increase in ligand field compared to the Ni ion in the Ni.-L' state {gn = 2.152). This can 

bee explained by the coordination of a strong ligand like CO to the Ni1+ ion. We cannot exclude the 

possibilityy of two CO molecules binding to Ni, stabilising an octahedral coordinated metal centre. 

Higherr quality FTIR spectra are required to further address this possibility. 

FTIRFTIR spectroscopy. Figure 2 shows that the oxidation of the Nit-S*CO state could very well be 

followedd with FTIR since all the reactants involved absorb in the 1800-2200 cm'1 region. It can clearly 

bee seen that the reduction of ferricyanide (Figure 3) is accompanied by an oxidation of the [NiFe] 

hydrogenase,, supporting the idea that the final species (with an EPR spectrum very similar to that of 

thee N^-C* state) is in the 3+ state. Furthermore, the observed CO peak at 1948 cm'1 and the shoulder 

att 1945 cm'1 were also observed in the FTIR spectra of the concentrated samples used to measure 

EPRR (not shown). The shoulder at 1945 cm', together with the small peaks in the cyanide region at 

20911 and 2078 cm'1 probably reflect a portion of enzyme in the Nin' state. A fair amount (up to 40% 

off  the EPR detectable spins) of Niu*  was also observed in the EPR spectrum as a by-product of the 

anaerobicc oxidation when performed at pH 8.0 (not shown). The vibrational frequencies (1945,2078 

andd 2091 cm'1) are in reasonable agreement with earlier published data for enzyme in the Niu' state 

(Happe,(Happe, 1999). 

Thee smaller absorptions in the cyanide region quickly declined during the anaerobic oxidation. 

Togetherr with the lack of activity, the impossibility of reactivation and the occurring precipitates 

afterr anaerobic oxidation, this points to an irreversible process of inactivation, probably due to major 

changess at the Fe site in the active site. The Ni site, however, remains (at least partly) in an intact 

conformation,, as can be concluded from the EPR spectra, although the amount of spins is clearly 

substoichiometric. . 
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CO-oxidmngCO-oxidmng activity of[NiFe] hydrogenasest Since the enzyme concentration in the FTIR 

experimentt was 61 uM, the concentration of reducing equivalents that could maximally be supplied 

byy the oxidation of the Ni,-S«CO state is 305 uM. Nevertheless, a comparison of the FTIR spectra in 

timee shows that almost 1.0 mM of ferricyanide is reduced to ferrocyanide, suggesting that yet 

anotherr process is involved in the production of electrons (Figure 3). 

Onee obvious source of electrons available in the reaction mixture is CO, that can be oxidised to C02 

accordingg to the reaction CO + H20 -»C02 + 2H+ + 2e' which is commonly catalysed by CODH. 

Thee electrons produced in this reaction can be used to reduce ferricyanide to ferrocyanide. Since 

theree are about 700 uM of reducing equivalents produced in excess of what the reduced enzyme 

couldd deliver, 350 uM of CO could be oxidised to COr Our tentative conclusion is that the enzyme 

cann possibly catalyse the oxidation of CO. The reverse has been shown before when the CODH from 

ClostridiumClostridium thermoaceticum was reported to display a weak hydrogenase activity (Menon, 1996). 

Contaminationn by a co-purified CODH is not very likely as these are generally strongly inhibited by 

loww cyanide concentrations (KL~1 uM) (Menon, 1996). The high ferricyanide concentration (7.5 mM) 

wil ll  automatically yield a considerable background concentration of free cyanide, high enough to 

inhibitt any contaminating CODH. The control experiment with BSA shows that the extra electrons 

aree not produced by a non-specific background reaction. In spite of the rather high concentration of 

COO remaining after 150 min (calculated concentration: 1.15 mM), the ferricyanide reduction 

decreasess in time. We think this is due to the oxidation of the enzyme to the Nij-C^' state, an 

irreversiblyy inactivated state. 

AA comparison of the EPR - and the FTIR experiments. There was one notable difference between the 

productionn of the new form for the EPR measurements and the process of oxidation as studied with 

FTIR:: the amount of CO gas molecules per enzyme molecule. In the preparation of the EPR sample 

thee CO-inhibited enzyme was mixed with ferricyanide under 1 bar of CO. The volume of the gas 

phasee was 10 ml (446 micromoles) of CO. The amount of enzyme in this incubation was 4 

nanomoless and thus the enzyme / CO ratio was 1:112,000. The only possible way to oxidise the active 

sitee under these conditions was by removal of CO by exchanging the gas phase for Ar. 

Thee enzyme / CO ratio in the FTIR experiment was quite different: in the measurement cell (12 ul) 

theree was only CO in solution (1.5 mM or 18 nanomoles) and the amount of enzyme was 0.7 

nanomoless (61 uM). Hence, the ratio in the FTIR experiment was 1:25. Comparing this to the ratio 

inn the EPR experiment illustrates the difference in CO pressure. This explains why oxidation of the 

samplee was easier under the conditions maintained in the FTIR experiment 

AA few general remarks about tiie observed redox states. The authors want to stress that the valencies 

ass proposed for the active-site Ni must be considered formal valencies. Extensive XAS studies on the 

A.A. vinosum [NiFe] hydrogenase have shown that the energy of the Ni K-edge in the different redox 

statess does not change accordingly (Davidson, 2000). Actually, with just one exception, the observed 

K-edgess are withinn 1 eV the same in all redox states. This implies that the overall electron density at 

thee Ni-site does not change much. In model systems one-electron redox changes result in shifts of K-

edgee energies of typically ~2 eV (Kirby, 1981). The succession of EPR-detectable and EPR-silent 
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statess indicates several one-electronn processes in the reduction of the active site. This implies that in 

thee more oxidised states (the formal Ni5+ states) quite some electron density is donated from the 
UntryAcUntryAc *n « MS inn UTVIPT-JXI C in thp Irvwp r  rwidatir m states ffnrmall v Ni and Ni ) the electron 

densityy flows in the opposite direction from the ion to the ligands. The net result of this process is 

thatt the one electron changes occurring on the whole of the active site result in a fairly constant 

electronn density on the Ni and subsequent small shifts in K-edge energies. This might actually very 

welll  be the function of the Fe(CN)2(CO)-site: a buffer for electron density, allowing fast H2 turnover 

att the Ni site. 

Acknowledgements:: We thank Maarten Hulskemper for experimental assistance and Winfried 

Roseboomm for skilful technical assistance. 
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TheThe role ofHypX in the maturation of the SHfront R. eutropha 

ABSTRACT T 
Thee hypX gene of the facultative lithoautotrophic bacterium Raktonia eutropha is part of a cassette of 

accessoryy genes (the hyp cluster) required for the proper assembly of the active site and the subsequent 

processingg of the hydrogenases present in R. eutropha. In this report we describe the effects of a 

deletionn of the hypX gene on the maturation of the soluble hydrogenase (SH) and the membrane-

boundd hydrogenase (MBH). It is shown that, upon deletion of the hypX gene, bacterial cell growth is 

retardedd under aerobic conditions in both MBH- and SH-dependent growth, the effect being more 

pronouncedd on SH-dependent growth. The SH purified from a /i^pX-negative strain, the SH(HypX), 

wass compared to the SH purified from a ZiypX-positive strain, SH(HypX+). In activity measurements 

thee SH(HypX') clearly displayed a strongly increased sensitivity for oxygen compared to the 

SH(HypX+).. Both were insensitive to carbon monoxide. Chemical analysis showed that the SH(HypX) 

activee site binds three cyanide ligands whereas the SH(HypX+) binds four. Spectroscopic analysis 

indicatedd that the SH(HypX) misses the extra cyanide ligand on the Ni site that is hypothesised in the 

SH(HypX*).. We propose that this ligand protects the active site against oxygen, thus allowing 

hydrogen-oxidisingg activity under aerobic conditions. The function of the HypX protein and 

pleiotropicc effect of its deletion are discussed. An extended X-ray spectroscopic analysis showed that 

thee active-site Ni ion is in a high-spin Ni(II ) state in both SHfHypX') and SH(HypX). 
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Thee soluble hydrogenase (SH) of the facultative lithoautotrophic proteobacterium Ralstonia eutropha 

strainn H16 is a [NiFe] hydrogenase. In this type of hydrogenases the active-site Ni and Fe ion are 

boundd to the protein via four cysteine residues. In [NiFeSe] hydrogenases one of these cysteines is 

replacedd by a selenocysteine (for reviews see Afbracht, 1994; Vignais, 2001; Cammack, 2001). There is a 

classs of hydrogenases that contain only iron, the [Fe] hydrogenases (review: Adams, 2000), while 

currentlyy one hydrogenase is known that contains no metal ions in its active site, but an organic 

cofactorr instead (review: Berkessel, 2001). 

Thee active sites of [NiFe] hydrogenases have been the topic of research for several decades now. A 

combinationn of crystallography (Volbeda, 1995,1996a) and FTIR spectroscopy (Bagley, 1994,1995; 

Happe,Happe, 1997; DeLacey, 1997; Pierik, 1999) revealed a remarkable active site: a bimetallic Ni-Fe centre 

bridgedd by two cysteine thiols (Cys533 and Cys65, numbering as in the crystal structure of the D. gigas 

hydrogenase,, Volbeda, 1995). The Ni site is further attached to the protein by two terminally bound 

cysteinee residues (Cys530 and Cys68). The Fe-site contains three non-protein ligands: one carbon 

monoxidee and two cyanides (Happe, 1997; Pierik, 1999). These ligands absorb infrared radiation in 

thee 2100-1900 cm'1 region and are detectable with FTIR spectroscopy. The absorption bands shift 

uponn changes in the redox state of the active site (Bagley, 1995; DeLacey, 1997). The FTIR absorption 

spectrumm of oxidised standard [NiFe] hydrogenase shows a large absorption band around 1945 cm' 

duee to the stretch vibration of the carbon monoxide ligand and two smaller bands between 2050 and 

21000 cm"' due to the symmetrical and antisymmetrical stretch vibrations of two coupled cyanide 

ligandss (Pierik, 1999). 

Whenn standard [NiFe] hydrogenases are reduced and activated, the valency of Ni can shuttle between 

divalentt and trivalent (Davidson, 2000). In the oxidised states (the Nir*  and the NiB" state) the Ni site is 

3++ (a 3d7 ion) and the enzyme is inactive. To activate the enzyme, the Ni site must be reduced to Ni1+ 

(aa 3d*  ion) and the enzyme must be incubated at sufficient high temperatures (Coremans, 1992b). 

Afterr reduction, active enzyme also occurs in several redox states: upon binding of a hydride to the 

activee site the Ni ion can be oxidised again to Ni3+: the Nit-C* state (van der Zwaan, 1985; Happe, 

1999).1999). Under the appropriate conditions (1% H2, pH 6.0), the amount of EPR-detectable spins is as 

largee as 0.9 spins/Ni in this state (Coremans, 1992a). Upon further reduction under 100% Hs the 

activee site Ni is reduced again to a Ni1+ state. The Fe site remains in a divalent low-spin state 

throughoutt the whole process of reduction (Surerus, 1994; Huyett, 1997). 

Standardd hydrogenases are reversibly inactivated by oxygen and inhibited by carbon monoxide. In 

inactivee enzyme the Ni ion is usually oxidised to Ni3*  and the active site is blocked by an oxygen 

speciess (Van der Zwaan, 1990; Volbeda 1995,1996a). In the active states the standard hydrogenases are 

inhibitedd by low carbon monoxide concentrations (K.-25 uM). CO binds to the divalent Ni site and 

preventss hydrogen activation at the active site (Higuchi, 2000; DeLacey, 2002). 

Thee soluble hydrogenase (SH) of R. eutropha is a special hydrogenase because it is one of very few 

oxygen-tolerantt hydrogenases; it can oxidise H1 under aerobic conditions. It only requires a catalytic 

amountt of NADH (5 uM) to become active and start the reaction. Contrary to the standard 

hydrogenasess it is also not inhibited by CO at all (Schneider, 1979). 
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Thee spectroscopic properties of the SH of J?, eutropha are different from those of standard [NiFe] 

hydrogenases.. Firstly, the as-isolated, aerobic SH does not display an EPR signal due to a Ni-based 

unpairedd electron (Erkens, 1996; Happe, 2000). Also in reduced cuZyUii it is mïpüssiuie to mvcxe 

considerablee concentrations (i.e. more than 25%) of Ni-based unpaired spins, although several 

reducingg conditions have been tried (Happe, 2000). Secondly, the FTIR spectrum is different from 

thatt of standard hydrogenases. In as-isolated SH one intense CO absorption peak (at 1956 cm"1) is 

accompaniedd by (at least) four, partly overlapping, weaker absorptions between 2050 and 2100 cm"' 

(Happe,(Happe, 2000). A chemical analysis showed 3.9 cyanides per intact enzyme molecule (W. Roseboom 

andand S.P.J. Albracht, unpublished result). In FTIR measurements reduction of the SH with 10 mM 

NADHH resulted in an apparent shift of the peak at 2098 cm'1 to lower wavenumbers, overlapping with 

thee other absorption peaks in the cyanide region (2087-2070 cm"1). Further reduction with methyl 

viologenn (MV, E„' = -460 mV) and dithionite resulted in a peak appearing at 2051 cm'. Reduction 

underr 100% H2 for 45 min at 30°C resulted in a similar apparent shift of the 2098 cm"' peak to 2051 

cm'11 (Happe, 2000). Based on these data a model was proposed with three cyanides and one carbon 

monoxidee coordinated to the Fe site. The fourth cyanide ligand was proposed to bind to the Ni site 

(Figuree 1). According to this model the two extra cyanides shield the active site from oxygen during 

oxidationn of H2 under aerobic conditions (Happe, 2000). The notion of a different coordination 

aroundd Ni in the R. eutropha SH is supported by the results of X-ray absorption spectroscopy. Two 

independentt XAS studies on as-isolated SH of R. eutropha showed differences in both the Ni K-edge 

andd the EXAFS upon comparison with the spectra of standard hydrogenases in the oxidised state (Gu, 

1996;1996; Muller, 1997). Reduction of the as-isolated, oxidised SH with excess NADH (10 mM) resulted in 

aa considerable change in the Ni K-edge and the EXAFS region, typical of a change in coordination 

and/orr symmetry of the active-site Ni ion (Gu, 1996; Muller, 1997). 

Figuree 1. The model for the active site of the Soluble Hydrogenase from R. eutropha, as postulated in (Happe, 

2000). 2000). 

Thee SH of R. eutropha oxidises molecular hydrogen and transfers the produced electrons via a 

diaphorasee enzyme module to NAD* to produce NADH. It is functional as a heterotetramer (Tran-

Betcke,Betcke, 1990) consisting of a hydrogenase dimer capable of H2 oxidation and a diaphorase dimer 

harbouringg an FMN moiety as the NAD*-reaction site. The hydrogenase part consists of the HoxH 

(54.88 kDa) and the HoxY (22.9 kDa) subunits and the diaphorase part is a dimer of the HoxF (66.8 

kDa)) and the HoxU (26.0 kDa) subunits. HoxF is the subunit binding the FMN moiety that reacts 

withh NAD*. 
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Thee [NiFe) active site of the SH of R. eutropha is located in the HoxH subunit and the nearby, 
proximall  [4Fe-4S] cluster  is in the HoxY subunit The ensemble of the proximal cluster  and the active 
sitee is strictly conserved throughout all [NiFe] hydrogenases and is proposed to be the basic building 
blockk for  hydrogen oxidation (Albracht, 1994,2000). The diaphorase part contains two more [4Fe-4S] 
clusterss and a [2Fe-2S] cluster  involved in electron transport. Recently, it was found that the SH of R. 

eutrophaeutropha contains a second FMN, in addition to the one involved in NAD+ reduction. It was shown 
thatt  this second FMN is essential for  the reduction of NAD+ by H2, but not for  hydrogen oxidation by 
benzyll  viotogen (Van der Linden, 2002). Sequence comparison showed that a possible location for  the 
secondd FMN is a flavodoxin fold in the HoxY subunit, close to the active site (Albracht, 2000). The 
currentt  hypothesis is that this FMN can directly accept the 2 electrons (or  the hydride) produced by 
thee heterolytic cleavage of H: on nickel, thus making redox activity of the Ni ion in the active she 
redundant. . 

Besidess the SH, R. eutropha contains two more hydrogenases: a membrane-bound hydrogenase 
(MBH)) (Schink, 1979) and a regulatory hydrogenase (RH) (Lenz, 1998; Pierik, 1998; Bernhard, 2001). 

Thee genes encoding these hydrogenases are, together  with a set of accessory genes (the hyp cluster), 
locatedd in two operons on the 450-kb megaplasmid pHG-1 of J?, eutropha. The products of these hyp 

geness are involved in the maturation and processing of hydrogenase. A region downstream of the 
MBHH structural genes hoxK and hoxG (Kortlüke, 1992) and the MBH-specific maturation genes, 
containss seven open reading frames designated hypAl, hypBl, hypFl, hypC, hypD, hypE and hypX 

(Dernedde,(Dernedde, 1993,1996a; Buhrke, 1998). Duplicates of three of these hyp genes (hypA2, hypB2 and 
hypF2)hypF2) are located in the SH operon (Wolf, 1998). Most hyp genes are conserved in [NiFe] 
hydrogenase-containingg bacteria and exert a pleiotropic effect in strains producing multipl e 
hydrogenasess (Jacobi, 1992; Dernedde, 1996a; Wolf, 1998). The hypX gene is an exception since it is 
onlyy present in bacteria that can grow under  aerobic conditions. Bacteria that contain a hypX 

homologuee include Rhizobium leguminosarum (Rey, 1996), Bradyrhizobium japonicum (Durmowicz, 

1997),1997), Aquifex aeolicus (Deckert, 1998) and Streptomyces avermitilis (Omura, 2001). All these bacteria 
aree (facultative) aerobic species. 

Thee hypX gene of R. leguminosorum is sequenced (Rey, 1996) and contains 1686 nucleotides coding 
forr  561 amino acids forming a protein with a calculated mass of 62,397 Dalton. Amino-acid sequence 
alignmentt  shows an extensive similarit y (-52% identity) to the HypX proteins of B. japonicum and R. 

eutrophaeutropha (Rey, 1996). Two regions are identified: region I contains an NM-formyltetrahydrofolat e 
bindingg motif and region II  an enoyl-CoA hydratase/isomerase domain. Especially the presence of the 
Nl0-formyltetrahydrofolat ee binding motif led to a hypothesised role in transfer  of one-carbon species 
(Rey,(Rey, 1996). 

Heree we describe in detail the effect of the deletion of the hypX gene on bacterial growth and the 
propertiess of the SH of R. eutropha. This study extends an earlier  preliminar y report which indicated 
thatt  the maturation of the SH was impaired in a hypX deletion mutant (Buhrke, 1998). The results 
presentedd here show that when HypX is absent, growth under  aerobic conditions is retarded. This 
effectt  is stronger  for  SH-dependent growth than for  MBH-dependent growth. The SH(HypX') is 
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purifiedd and shown to be unable to catalyse hydrogen oxidation under aerobic conditions with benzyl 

viologenn as electron acceptor. The spectroscopic characteristics for the SH(HypX+) and the 

Sïï(HypX')) arc compared. EPR, FTÏR and X-ray absorption spectroscopy are applied to monitor the 

magneticc and electronic properties of the active-site metal ions. Both the SH(HypX*) and the 

SH(HypX)) enzymes contain a high-spin Ni(II ) ion in the active site. The SH(HypX+) contains four 

CN'' groups in the active site (Happe, 2000). The deletion mutant, however, contains only three 

cyanidess bound to the active site. We propose that missing cyanide ligand in the SH(HypX') is the one 

boundd to Ni and that its function is to shield the active site from oxygen during turn-over. The 

functionn of HypX in the maturation process is to supply this extra cyanide ligand to Ni. This might 

alsoo explain why the hypX gene is only present in hydrogenase-containing bacteria that are able to 

groww under aerobic conditions. 

MATERIAL SS AND METHOD S 

ConstructionConstruction ofR. eutropha HF480 andHF592. The mobilisable plasmid pCH630 containing hypXA 

(Buhrke,(Buhrke, 1998) was transferred from E. colt S17-1 to R. eutropha HF359 (hoxGA) (Bernhard, 1996) and 

HF3888 (hoxHA) (Massanz, 2000) respectively, by a spot mating technique (Simon, 1983). Gene 

replacementt in R. eutropha was achieved by using an allelic exchange procedure based on the 

conditionallyy lethal sacB gene (Lenz, 1994). The resulting isolates were screened for the presence of the 

desiredd deletion in hypX by PCR amplification of the respective target site (Bernhard, 1996). Deletion-

carryingg isolates were identified on the basis of the altered electrophoretic mobility of the 

amplificationn products. The resulting strains were named HF480 (hoxG&hypXA) and HF592 

(hoxHMiypXb). (hoxHMiypXb). 

CellCell growth. For lithoautotrophic growth, R. eutropha strains were cultivated in minimal medium 

(Schwartz,(Schwartz, 1998) under an atmoshpere of H2,02 and CO, (8:1:1 v/v). For the isolation of the SH, R. 

eutrophaeutropha strains were heterotrophically grown in fructose-glycerol minimal medium (Schwartz, 1998) 

inn a BIOSTAT D fermentor (Braun, Melsungen, Germany) at a 50-liter scale at 30°C under 

hydrogenasee derepressing conditions. The cells were harvested at an OD^ of 11, washed with 

potassiumm phosphate buffer (50 mM K-P04, pH 7.0), rapidly frozen in liquid nitrogen and stored 

at-70°C. . 

PurificationPurification of the SH, Cells (82 g, wet weight) were resuspended in 35 ml K-P04 buffer containing 

0.11 mM phenylmethylsulfonyl fluoride and disrupted by two passages through a chilled French 

pressuree cell at 1100 pound/square inch (76 bar). Soluble extracts were prepared by 

ultracentrifugationn (90,000 x g, 45 min, 4°C). Solid (NH4),S04 was added to the clear supernatant to a 

saturationn of 30%. Precipitated proteins were removed by centrifugation (16,000 x g, 20 min, 4°C), 

andd (NH4)jS04 was added to the supernatant to a saturation of 60%. After centrifugation the 

supernatantt was discarded and the precipitate was resuspended in 40 ml K-P04 buffer. The protein 
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solutionn was dialysed overnight against K-P04 buffer to remove residual (NH4)jS04. Subsequently the 

samplee was applied to a DEAE Sephacel XK50/30 column (Amersham Pharmacia) pre-equilibrated 

withh K-P04 buffer. At a flow rate of 2 ml/min the column was washed with two bed volumes of K-P04 

buffer.. Proteins were eluted using a continuous KCI-gradient (0 to 400 mM KCl in K-P04 buffer 

withinn three bed volumes) and fractions of 8 ml were collected. Fractions widi high NAD+-reducing 

activityy were combined and the proteins were precipitated by addition of (NH4)2S04 to a final 

saturationn of 60% in order to reduce the volume of the sample. The supernatant was removed by 

centrifugationn and the protein pellet was resuspended in 3 ml 200 mM K-P04 buffer. The sample was 

appliedd to a phenylsepharose 6 fast flow HP-column (35 x 100 mm; Amersham Pharmacia). The 

columnn was washed with two bed volumes of 200 mM K-P04 buffer at a flow rate of 2 ml/min. 

Proteinss were eluted by a continuous decrease of the potassium phosphate concentration. Fractions of 

66 ml were collected, and the homogeneity of the SH in fractions with high NAD+-reducing activity 

wass furthermore analysed by SDS-polyacryl gel electrophoresis and subsequent Coomassie-staining. 

Fractionss with appropriate homogeneity were combined and dialysed against 10 mM Tris-HCl (pH 

8.0)) overnight Finally the preparation was concentrated to a volume of ca. 1 ml using a stirred 

ultrafiltrationn cell (model 8050; Amicon), rapidly frozen in liquid nitrogen and stored at -70°C. In the 

following,, soluble hydrogenase purified from strain HF359 (hoxGA) is named SH(HypX+) and SH 

purifiedd from strain HF480 {hoxGbhoxXA) is named SH(HypX). 

CharacterisationCharacterisation of the purified SH proteins. Protein concentrations were determined according to 

Bradfordd (Bradford, 1976). The Ni content was determined using a Hitachi 180-80 polarised Zeeman 

Atomicc Absorption Spectrophotometer. Non-specifically protein-bound metal ions were first 

removedd by passage through a Chelex-100 column (BioRad). The amount of cyanide per enzyme was 

determinedd as previously described (Pierik, 1999). The EPR detectable [2Fe-2S]l+ cluster was used as a 

measuree for intact protein. After incubation under 100% H, for 45 min at 30°C the EPR spectrum of 

thee reduced (2Fe-2S] cluster was recorded. The amount of unpaired spins was determined by 

simulationn of the spectra. 

ActivityActivity measurements. Hydrogenase activity was measured spectroscopically at room temperature. 

Thee assay buffer (2.0 ml, 50 mM Tris-HCl, pH 8.0) was saturated with H2 gas. To this 0.5 ml of Ar-, 

air-- or CO-saturated buffer was added. As electron acceptors either benzyl viologen (BV, 4.2 mM, E0' 

== -359 mV) or the physiological redox partner NAD* (1.0 mM) were used. A catalytic amount of 

NADHH (5 uM) was added to activate the SH. Enzyme concentrations were in the order of 10 nM. 

NAD*-reducingg activity was measured with a Zeiss M4 QUI, monitoring the increase in absorption at 

3400 nm from formed NADH. Anaerobic reduction of BV was monitored at 640 nm. The aerobic and 

anaerobicc reaction with BV as electron acceptor were compared by amperometrical measurement of 

H3-oxidationn (Coremans, 1989). 

FURFUR spectroscopy. Fourier-transform infrared spectra were taken on a BioRad FTS 60A 

spectrophotometerr equipped with an MCT detector. Spectra were recorded at room temperature 
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(25'C)) with a resolution of 2 cnï1. Typically averages of 684 spectra were taken against buffer blanks. 

Enzymee samples (12 ul, 50 to 100 uM) were loaded into a gas-tight transmission cell with CaF2 

winaowss ana lenon spacers ipam iciigui JU \uvij. me spciu*  wcic uaacunc LUUCLICU uomg mt 

BioRadd software. Absorption peaks were fitted with Gaussian functions using the GRAMS software 

(Galacticc Ind. Corp.). SH(HypX) was reduced by incubation under H2 at 30°C for 45 min. After 

reductionn the sample was anaerobically oxidised with 4 mM DCIP (2,6-dichlorophenolindophenol, 

+2300 mV) under an Ar atmosphere. Aerobic oxidation of reduced enzyme was performed by 

exposuree to air. 

EPREPR spectroscopy. X-band (9.4 GHz) EPR spectra were recorded on a Bruker ECS 106 spectrometer. 

Thee modulation frequency was 100 kHz. Cooling of the sample was performed using an Oxford 

Instrumentss ESR 900 cryostat with an ITC4 temperature controller. The magnetic field was calibrated 

withh an AEG magnetic field meter. The microwave frequency was measured with a Hewlett-Packard 

5350BB Microwave Frequency Counter. Simulation and quantification of the spectra were carried out 

ass before (Happe, 1999). 

XASXAS spectroscopy. Ni K-edge XAS data were collected at beamline 7-3 at the Stanford Synchrotron 

Radiationn Laboratory (SSRL), Stanford, USA. As-isolated, oxidised protein samples of SH(HypX') 

andd SH(HypX) were concentrated to a concentration of-300 uM (-50 mg/ml) and frozen in liquid 

nitrogen.. Samples were cooled to 10-12 K during measurement. Data were collected with a Canberra 

X-rayy fluorescence detector. 

L-edgeL-edge measurements. L-edge spectra were recorded at beamline 4.0.2 at the Advanced Light Source 

(ALS)) at the Lawrence Berkeley National Laboratory, Berkeley, USA. Enzyme films were prepared on 

sapphiree disks by drying samples (20 ul, -100 uM) under air. Samples were in a 10 mM Tris-HCl 

bufferr (pH 8.0). The sample films were circular with an average diameter of 5 mm. X-ray fluorescence 

wass measured with a 30 element Ge detector as described before (Wang, 2001). During data collection 

thee sample was moved so that the X-rays illuminated at least three different spots. Samples were 

cooledd below 10 K during measurement. On the time scale of the data collection (20 min per 

spectrum)) no radiation damage was observed. Control measurements on protein films prepared of 

Bovinee Serum Albumin (BSA) showed that the observed signal was not caused by the protein 

backgroundd or interfering equipment from the beamline or end-station. Shown spectra are averages 

off  four measurements. Before collection of the L-edge spectra, control FTIR spectra of the dried films 

weree routinely measured at room temperature to check the protein integrity after drying. The FTIR 

spectraa of the protein films were identical to the spectra of enzyme in solution. 

RIXSRIXS measurements. RIXS data were collected at the Bio-CAT beamline 18ID at the Advanced 

Photonn Source (APS), Chicago, USA. The incident beam monochromator used a pair of Si(400) 

crystalss and the energy bandwidth at 8330 eV was 1.0 eV. Fluorescence was recorded with a single 

element,, liquid-nitrogen-cooled Ge detector as described before (Bergmann, 1998). Samples were 
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preparedd by drying concentrated samples on Kapton films to obtain the highest concentrations 

possible.. The drying procedure was performed under aerobic conditions on the bench. During 

measurementt the samples were cooled to below 10 K. 

RESULTS S 

LithoautotrophicLithoautotrophic growth ofSH(HypX*) and SH(HypX'). It was previously reported that a deletion of 

HypXX affected the activity of the respiratory-chain-linked MBH and the SH of R. eutropha due to a 

delayy in the maturation process of the two enzymes (Buhrke, 1998). The lithoautotrophic growth of 

thee hypX-negative strain was retarded compared to the growth of the /ivpX-positive strain. In order to 

investigatee the effect of HypX on the SH as well as on the MBH more specifically, we constructed 

hypXhypX deletion strains lacking either the MBH (HF480) or the SH (HF592), see table 1. Cells were 

grownn under lithoautotrophic conditions with H2 as sole energy source in the presence of either 5% 

oxygenn or 15% oxygen. Fig. 2A shows the growth curve of the MBH' strains HF359 (hoxGA) and 

HF4800 (hoxGAhypXA). In these strains lithoautotrophic growth is mediated only by the function of 

thee SH. The growth of the control strain HF359 was not affected by different 02 concentrations. The 

doublingg time of HF359 was 3.1 h independent of the 02 concentration. In the hypX mutant HF480 

thee doubling time had increased to 52.7 h when the cells grew under 5% Or In the presence of 15% 

022 the doubling time of the hypX mutant was even longer (66.2 h). The function of the MBH was 

affectedd to a lesser extent by the deletion of hypX as shown in Fig. 2B. The growth of the SH" strains 

HF3888 (hoxHA) and HF592 (hoxHAhypXA) was mediated only by the function of the MBH in this 

experiment.. Again, the growth of the control strain HF388 occurred independent of the 02 

concentrationn with a doubling time of 8.6 h. The doubling time of the fcypX-negative strain HF592 

wass slightly enlarged to 9.2 hours in the presence of 5% 02. A clear effect on the growth rate was only 

apparentt in the presence of 15% 02 where the doubling time increased to 11.5 hours. 

•• SH", 5% o 2 

•• SH", HypX", 5% O 2 

OO SH", 15% O 2 

GG SH', HypX", 15% 0 2 
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Figuree 2. The effect of low (5%) and average (15%) oxygen pressure on the growth rate of hypX-positive and 
hypX-negativee strains. Bacterial growth was dependent on SH (A) or MBH (B). 
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Tablee 1. Bacterial constructs of R. eutropha used for the study of lithoautotrophic growth. 

Strain Strain 

HF359 9 

HF480 0 

HF388 8 

HF592 2 

RelevantRelevant characteristics 

MBHH  {hoxG6) 

MBHH (fowcGA) HypX (hypXA) 

SHH  {hoxHts) 

SHH (fwxffA ) HypX {hypXA) 

Reference Reference 

Bernhard,Bernhard, 1996 

thisthis work 

Massanz,Massanz, 2000 

thisthis work 

PurificationPurification of the SH. Both R. eutropha strains HF359 and HF480 were cultivated at a 50-liter scale in 

minimall  medium under hydrogenase derepressing conditions. The SH(HypX+) from strain HF359 

wass purified as before (Happe, 2000). The SH(HypX) from strain HF480 was purified according to 

thee protocol described in the experimental procedures. Starting with 82 g cells (wet weight) of the 

hypXhypX deletion strain R. eutropha HF480,3.1 mg of SH(HypX') was obtained. The protein was purified 

61-foldd with a yield of 52%.. To check if the purification method influenced the integrity of the pure 

SH,, a small-scale purification of SH (HypX*) from strain HF359 was performed according to the 

protocoll  in the experimental procedures. FTIR spectroscopy, activity measurements and check for 

oxygenn sensitivity showed that the method of purification did not alter the properties of the 

SH(HypX*). . 

EffectEffect of the hypX deletion on the activity of the SH. Hydrogen-uptake activities were measured for 

thee SH(HypX*) and the SH(HypX') using both an artificial (BV) and the physiological electron 

acceptorr (NAD+). The influence of Ot and CO on these reactions was studied (see table 2). Under 

anaerobicc conditions the H2-NAD+ and the H rBV activities were comparable for both SH(HypX+) 

andd SH(HypX'). Under aerobic conditions, the SH(HypX*) showed both BV and NAD+ reducing g 

activities.. The SH(HypX), however, was unable to reduce BV in the presence of oxygen. Reduction of 

NAD**  was still possible, but at a slightly lower rate. Both the SH(HypX+) and the SH(HypX') were 

insensitivee to carbon monoxide, independent of the electron acceptor used. 

Inn combination with control experiments, in which the oxidation of hydrogen could be followed 

directlyy with an H2-sensitive electrode, these measurements clearly showed that the SH(HypX') was 

incapablee of hydrogen oxidation under aerobic conditions with BV as electron acceptor. Yet, 

reductionn of NAD* remained possible and was only slightly diminished. We think this can be 

explainedd by the formation of NADH in the process of NAD+ reduction. If the active site of 

SH(HypX')) is oxidised by oxygen, it can immediately be reactivated by NADH, thus allowing 

continuationn of the H2 oxidation. Since reduced BV is readily oxidised by 02 it is unable to reactivate 

oxidised,, inactivated SH under aerobic conditions. Therefore, inactivation by oxygen is irreversible in 

measurementss with BV as final electron acceptor. Because the clearest effect on hydrogen oxidation 

byy the SH was observed in the reaction with BV, the (inability to oxidise hydrogen aerobically with 

BVV as electron acceptor was used as the definition for oxygen- (ïnjsensitivity. 
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CyanideCyanide determination. A determination of the number of cyanides released from the active site 

uponn denaturation of the enzyme (Pierik, 1999) yielded an amount of 2.9 cyanides per [2Fe-2S] 

clusterr for the SH(HypX). As controls, the cyanide content in the SH(HypX+) from R. eutropha and 

thee standard [NiFe] hydrogenase from Albchromatium vinosum were determined. The SH(HypX+) 

containedd 3.7 cyanides per [2Fe-2S] cluster and the A. vinosum hydrogenase contained 1.9 cyanides 

perr Ni. 

Tablee 2. Specific activities and other characteristics of the SH(HypX+) and the SH(HypX'). 

SH(HypX' )) HF359 

SH(HypX)) HF480 

» ,--
aerobic aerobic 

35 5 

0 0 

BVBV activity' 

anaerobic anaerobic 

38 8 

33 3 

HH 22-*NAD -*NAD 

aerobic aerobic 

81 1 

74 4 

'activity 'activity 

anaerobic anaerobic 

84 4 

82 2 

COCO sensitivity' 

none e 

none e 

CH/l2Fe-2S] CH/l2Fe-2S] 

3.7 7 

2.9 9 

'' Activities are expressed as U/mg, 1 U corresponds to the oxidation of 1 jiM H2 / min. 
22 Measured spectroscopically: H,-NAD* activity at 340 nm and H,-BV activity at 640 nm. 

FTIRFTIR spectroscopy. FTIR spectra of SH(HypX+) and the SH(HypX) are depicted in Figure 3 (traces a 

&&  b). Both enzyme forms showed an intense peak at 1956 cm"1 due to the stretch vibration of a CO 

coordinatedd to the active-site iron. Only one of the treatments presented in Figure 3 influenced the 

positionn of this peak (Figure 3, trace c). In the cyanide region (2120-2030 cm"1), however, pronounced 

differencess were observed in all traces. This region is shown enlarged in Figure 4 together with fits of 

thee peaks in this region. From these fits the individual peak characteristics (position, width, area) were 

derivedd (Table 3). The peaks were fitted using Gaussian functions and the residual spectrum, the 

differencee between the experimental spectrum and the fit, is shown at the bottom of each panel. The 

cyanidee region of as-isolated SH(HypX+) could be deconvoluted into five absorption peaks at 2098, 

2087,2080,20777 and 2070 cm' (Figure 4, panel A). This is in agreement with the model depicted in 

Figuree 1: one cyanide bound to Ni causing one absorption peak and three (vibrationally coupled) 

cyanidess coordinated to Fe, resulting in four more absorption peaks (from three antisymmetric and 

onee symmetric vibration). The CO bound to the Fe site does not couple to these vibrations and 

absorbss at 1956 cm'. In the as-isolated SH(HypX') the 2098 cm' peak is clearly absent in the cyanide 

region.. The cyanide part of the spectrum of the SH(HypX) could be fitted with four absorption peaks 

att 2087,2080,2077 and 2070 cm'1 (Figure 4, panel B). The positions of these bands are identical to 

thosee of four of the five bands present in the SH(HypX+). 
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Figuree 3. FTIR spectra of the SH(HypX*) and 
thee SH(HypX) in various states: (a) as-
isolatedd SH(HvpX*); (b) as-isolated SH(HypX" 
);; (c) SH(HypX')„,: SH(HypX') reduced under 
H,, for 45 min at 30°C; (d) SH(HypX")rcJ 

reoxidisedd with air; (e) SH(HypX')rld incubated 
underr Ar and reoxidised with DCIP; (f) 
SH(HypXX )reJ incubated under Ar; (g) 
SH(HypX")rKll incubated under CO for 30 min 
att room temperature. The intensities of the 
COO absorption bands of spectra (e) and (f) 
weree normalised to the CO absorption band of 
spectrumm (b). SH concentrations in the other 
spectraa were equal and intensities can be 
directlyy compared. 

Wavenumberss (cm1) 

Thee FTIR spectrum of the SH(HypX') changed considerably after reduction under 100% H2 for 45 

minn at 30°C (Figure 3, trace c). In the region of the CO absorption peak two small satellite peaks at 

19444 and 1922 cm'1 appeared, indicating an inhomogeneity in the coordination of the iron site. Such 

smalll  peaks were also observed in the SH(HypX*) enzyme after reduction under hydrogen gas (not 

shown).. In the cyanide region most of the 2087 peak disappeared and a peak at 2051 cm"1 came up 

(Figuree 4, panel C). A peculiar observation was the increase in intensity of the cyanide absorptions 

uponn reduction whereas the total intensity of the CO absorption peaks remained constant. Activity 

measurementss showed that reduced SH(HypX) is not inhibited by CO. To see if CO can bind at or 

nearr the active site reduced SH(HypX') was incubated under 100% CO. The observed FTIR spectrum 

iss similar to that of the as-isolated SH(HypX) (Figure 3, trace g). No absorption band from 

exogeneouslyy bound, inhibiting CO was observed, which confirms that CO cannot bind to the active-

sitee Ni like it can in standard hydrogenases (Bagley, 1994; Higuchi, 2000; DeLacey, 2002). After 

reduction,, SH(HypX) was aerobically oxidised by exposure to air and the spectrum changed once 

again:: after oxidation with oxygen an absorption pattern of five peaks at 2098, 2087, 2080, 2077 and 

20700 cm"1 was observed in the cyanide region in combination with one CO peak at 1956 cm'1 (Figure 

3,, trace d; Figure 4, panel D). After oxidation with DCIP the absorption peak at 2098 cm"1 remained 

absent:: one large CO absorption at 1956 cm"' and four absorption peaks at 2091, 2087, 2080 and 2070 
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cm'11 in the cyanide region were observed (Figure 3, trace e; Figure 4, panel E). A similar spectrum was 

observedd when reduced SH(HypX) was only incubated under Ar(g) without an oxidising agent 

(Figuree 3, trace f). 
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Figuree 4. FTIR spectra and Gaussian fits of the cyanide region (2120-2030 cm'). Top (solid line): experimental 

spectrum;; upper middle (dashed line): summation of the fits of the individual peaks; lower middle (dotted lines): 

individuall  peak fits; bottom (solid line): the residual spectrum, the difference between the experimental 

spectrumm and the fitted peaks. Panel A, as-isolated SH(HypX*); panel B, as-isolated SH(HypX); Panel C, 

SH(HypX')) reduced under H, for 45 min at 30°C; Panel D, SH(HypX) reduced as in C and subsequent 

reoxidationn with air; Panel E, SH(HypX) reduced as in C and subsequent reoxidation with DCIP under Ar(g). 

Characteristicss of the fits are presented in table 3. 



TheThe rok ofHypX in the maturation of the SHfrom R. eutropha 

Tablee 3. Quantitative data derived from the fits of the FTIR spectra from the SH(HypX+) and the 

SH(HypX')) from R. eutropha. Positions, surfaces and widths of the cyanide absorption peaks in the 

2120-20300 cm' region. 

PeakPeak position A)SH(HypX) B)SH(HypX)ox QSH(HypX) D)SH(HypX) E)SH(HypX) 

ox'ox' red reox.au reoxDCIP 

20972097 cm' 

20912091 cm'' 

20872087 cm' 

20802080 cm'' 

20772077 cm'1 

20702070 cm'' 

20652065 cm'' 

20512051 cm'' 

2097.0 1 1 

(11/3.9) ' ' 

--

2087. 5 5 

(3 22 /  6.5 ) 

2080. 7 7 

(2 22 /  4.3 ) 

2077. 6 6 

(3/3.1 ) ) 

2069. 6 6 

(19/5.0 ) ) 

--

--

--

--

2087. 4 4 

(14/4,0 ) ) 

2080. 4 4 

(8/3.0 ) ) 

2077. 6 6 

(4/3.1 ) ) 

2069. 8 8 

(13/3.7 ) ) 

--

--

--

--

2086. 9 9 

(4/2.7 ) ) 

2079. 7 7 

(2 11 /  3.7 ) 

--

2069. 5 5 

(2 55 /  4.6 ) 

2065. 4 4 

(9/3.9 ) ) 

2051. 2 2 

(2 22 /  5.7 ) 

2098. 3 3 

(6/4.2 ) ) 

--

2086. 7 7 

(22/5.0 ) ) 

2080. 6 6 

(14/4.5 ) ) 

2077. 6 6 

(2/2.4 ) ) 

2069. 7 7 

(14/4.1 ) ) 

• • 

--

--

2090. 7 7 

(11/3.5 ) ) 

2086. 6 6 

(11/2.4 ) ) 

2079. 3 3 

(13/4.7 ) ) 

--

2070. 2 2 

(U/3.1 ) ) 

--

--

11 Peak areas from SH(HypX+) in panel A A (Figure 4) are divided by 7.14 to correct for the difference in 
concentrationn and allow easy comparison with the SH(HypX') spectra. 
22 Peak positions in cm"1 as derived from the fits shown in Figure 4. 
33 Peak areas (in arbitrary units) / peak widths (in cm'1). 

EPREPR spectroscopy. In the as-isolated, oxidised state of the SH(HypX') of R. eutropha no EPR signal 

couldd be observed (4.2-100 K). Upon reduction under 100% H2 for 45' at 30°C an EPR spectrum due 

too a reduced [2Fe-2S] cluster was observed. Attempts were made to see a nickel-based unpaired 

electronn from the Ni.-C* state in partially reduced SH(HypX). Initially, a method appropriate for 

standardd hydrogenases was tried: incubation under low partial hydrogen pressures (1%) at various 

pHH values (6.0-9.0) to cover a redox potential range. This yielded similar observations as for wild-

typee SH (Happe, 2000): if any signal at all, only low spin concentrations (<0.1 spins/Ni) were 

observed.. Also upon reoxidation of reduced enzyme by exposure to air no signal from a Ni-based 

paramagnett was observed. Instead a small EPR signal like that from an oxidised [3Fe-4S] was 

observedd in the g = 2 region (not shown). However, this signal represented only a very small fraction 

off  the total enzyme concentration (<5%) and was probably due to a damaged (4Fe-4S] cluster. A 

controll  experiment with SH(HypX*) also showed a weak signal due to an oxidised [3Fe-4S] cluster 
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afterr reduction and subsequent oxidation (not shown), so this feature was not typical for the 

SH(HypX)) mutant. 

AA clear Ni rC' signal in the SH from R. eutropha was reported by others (Erkens, 1996). Incubation 

withh excess NADH (10 mM) under anaerobic conditions was claimed to yield 30 to 50% of enzyme in 

thee N^-C' state. Therefore, the SH(HypX*) and the SH(HypX) were incubated for 30 min with 10 

mMM NADH under N2(g) at pH 6. As can be seen in Figure 5, only a small amount of NNC' (less than 

20%% of the Fe-S signal intensity) was detected for both. Moreover, there was no clear difference 

betweenn the SH(HypX+) (Figure 5, panel 1) and the SH(HypX) (Figure 5, panel 2) after reduction 

withh NADH. Simulations (panels 1 & 2, traces b & c) showed that the amount of Ni-based spins was 

indeedd low and differed only slightly between the hypX-positive and the /lypX-negative strain: 0.2 

spins/[2Fe-2S]]  for SH(HypX+) and 0.12 spins/[2Fe-2S] for SH(HypX). These results show that there 

iss no significant difference between the SH(HypX+) and the SH(HypX) enzyme in the inability to 

occurr in the Nia-C' state after reduction. Presently we believe that two properties are required for a 

Nia-C'' state: the valency of the Ni ion must be 3+ and a photolabile hydride must be bound to the 

activee site (Happe, 1999; Bleijlevens, 2002). This hydride can be photolysed at temperatures below 77 K 

andd is then believed to provide two electrons for the reduction of the Ni ion to Ni1*  in the Ni rL ' state. 

Thee hydride is thought to bind to the Fe site in a bridging position to the Ni site (Bleijlevens, 2002). 

Thiss is the same position occupied by the third cyanide ligand to Fe in the SH(HypX+) (Figure 1). 

Sincee the third cyanide ligand is still present in the active site of SH(HypX') this prevents the binding 

off  a hydride and no Nia-C can be formed. We currently assume that upon incubation with 10 mM 

NADHH part of the enzyme molecules loose CN' ligands 

suchh that formation of a normal Nî -C state becomes 

possible.. As can be seen from the intensity of the spectra 

thiss occurs in only 12% of the SH(HypX) and 20% of 

thee SH(HypX+) molecules. 

Figuree 5. X-band EPR spectra of (la) the SH(HypX*) and 
(2a)) the SH(HypX). Both were incubated for 30 min at room 
temperaturee with 10 mM NADH under an N2 atmosphere 
(pHH 6). Simulations of the Ni signal in lb (simulation 
parameters:: g  ̂= 2.202, 2.135, 2.010; Wm (G) = 14.31,13.66, 
7.01)) and 2b ( ^ = 2.201, 2.135, 2.010; W  ̂ (G) = 14.31, 
13.86,, 7.01). Simulations of the [2Fe-2S]'*  cluster in lc (g  ̂= 
1.928,1.951,, 2.038; W^ (G) = 29.02, 22.44, 25.92) and 2c (g^ 
== 1.928, 1.951,2.038; W„ (G) = 29.02, 22.44, 25.72). The 
ratioss of the intensities of the signals due to Ni and the [2Fe-
2S]]  cluster were 0.20 for the SH(HypX') and 0.12 for the 
SH(HypX).. EPR conditions: microwave frequency, 9,426 
MHz;; temperature, 35 K; power, 2 mW; modulation 

2.33 2.2 2.1 2.0 1.9 amplitude, 1.27 mT. 

g-value e 

''''  •• • ' i • I . . . . i . . . . I , , • i I i , 
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XASXAS measurements. Ni XAS spectra from the as-isolated, oxidised states of the SH(HypX*) and the 

SH(HypX')) were measured (Figure 6, panel A). The Ni-edges showed some differences in the pre-edge 
ii nrocont ir> t-V,*» QT-T(\l\mY~~\ s n p r t n i m ^inrf» thpcp wprp vprv I n w in 

intensityy they were difficult to interpret. Also, the edge of the SH(HypX') was somewhat higher than 

thee SH(HypX+) edge. For both spectra the energy at half-height of the absorption edges was -8341 eV, 

aa value in agreement with earlier measured X-ray absorption spectra of oxidised R. eutropha [NiFe] 

hydrogenasess (Gu, 1996; Muller, 1997). The Fourier-transformed, Fourier-filtered EXAFS region is 

shownn in panel B of Figure 6. This region, that is sensitive to the number and the size of ligands 

coordinatedd to the metal-centre, showed differences between the SH(HypX*) and the SH(HypX'). In 

ourr current model for the oxidised SH(HypX') 4 sulphurs from the Cys residues, a carbon from the 

cyanidee group and probably an oxygen from a hydroxide or water group are the ligands to a Ni2+ ion 

withh octahedral symmetry. The oxygen-containing ligand can be removed by a catalytic amount of 

NADHH (5 |iM) which opens a site for the activation of hydrogen at the Ni ion. The removal of this 

ligandd might bring about the large changes in the XAS spectra after reduction of the R. eutropha wild-

typee SH (Gu, 1996, Muller, 1997). The observed difference between the SH(HypX*) and the SH(HypX') 

inn the EXAFS region might be explained by the absence of the CN' ligand to Ni site in the negative 

mutant.. The ligand place that is occupied by CN' in the SH(HypX*) might instead be occupied by an 

OH"" in the SH(HypX'), possibly explaining the relatively small differences between the XAS edges. 

1.2 2 

1 1 

0.8 8 

0.6 6 

0.4 4 

0.2 2 
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' • ' ! • ' ' 
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•o o 
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en n 
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a)) SH(HypX+) 

b)) SHfHypX-) 

82800 830 0 832 0 834 0 836 0 838 0 

Energyy (eV) 

Figuree 6. A) Ni XAS spectra of the SH(HypX*) (solid line), and the SH(HypX) (dashed line), both in the as-
isolatedd state; B) Fourier-transform of the Fourier-filtered EXAFS regions of the Ni XAS spectra in panel A. 

L-edgeL-edge measurements. L-edge spectra show the characteristics of the electronic 2p -» 3d transition in 

transitionn metal ions with a partly filled 3d shell. This technique takes advantage of the fact that these 

transitionss are dipole allowed according to the symmetry rules. Therefore it is much more sensitive to 

determinee the valency and matching spin-state of a transition metal ion than e.g. K-edge 

spectroscopy,, where one mainly uses the low-intensity (dipole forbidden) Is -*  3d pre-edge features. 

Sincee we assumed a different coordination around the active-site Ni ion in the SH(HypX*) and the 

SH(HypX),, a concomitant change in spin-state may occur and we therefore decided to measure the 

L-edgee spectra of the two enzymes. 
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Inn the case of a Ni(II ) ion the electron configuration in the ground state is 2p°3d". Using soft X-rays 

(-8500 eV for Ni) a 2p electron is excited to the 3d shell, resulting in a 2p53d' excited state (Figure 7, 

©).. The absorption spectra are recorded measuring the fluorescence radiation emitted in the 

relaxationn process of the excited electron to the core hole (2p63d8 <— 2p53d'). This yields spectra as in 

Figuree 8, from which valency and spin-state of the measured metal centre can be derived. A 2p5 

configurationn has two possible symmetries depending on the spin-orbit coupling, 2P1/2 and 2PJ/2. These 

twoo configurations are related to the L2 and the L3 edge in L-edge spectroscopy (De Groot, 2001). In 

thee case of Ni these two edges are separated by -18 eV. The positions of the centroids shift with 

valencee state of the metal: the centroids shift to higher energy with increasing valence state. In ionic 

complexess the L3 maximum generally shifts -1 eV to higher energy per increment in oxidation state 

(Wang,(Wang, 2000) but these shifts may be smaller (0.6 eV/oxidation state) in the case of covalent 

complexess (Wang, 2001). The L, absorption maxima for Ni(II ) model compounds range from 852.8 

eVV for a pure high-spin (HS) state to 853.6 eV for a pure low-spin (LS) state (T. Funk and S.P. 

Cramer,Cramer, personal communication). The L3 absorption maximum generally appears at higher energy for 

LSS than for HS complexes, presumably because the single remaining vacant orbital in LS complexes 

hass been raised to relatively higher energy by the ligand field. 

Thee spin-state of a Ni(II ) ion can also be inferred from the shape of the spectra. In a HS 3d8-system 

(twoo unpaired electrons, S = 1), two different orbitals are available to accommodate the excited 2p-

electronn whereas in a LS system (no unpaired electrons, S = 0) only one such orbital is available. This 

iss reflected in the L-edge spectra by the concept of multiplicity. In the case of a HS Ni(II ) system the L, 

centroidd generally has a shoulder on the high-energy side since multiple energy levels are involved, 

andd a broad or even split L2-edge. In this case it is said that multiplicity is high. In a LS Ni(II ) system 

thee L3 has only littl e or no multiplet structure and a sharper and somewhat more intense L2-edge. 

L-edge e RIXS S 

! ! 

Excitedd State ^ ^ 

ls22p53d' ' 

Groundd State 

ls22p53d' ' 

Figuree 7. Simplified scheme of the electronic transitions in a Ni(II ) ion (3d') in L-edge and RIXS spectroscopy. 
©© 2p63d' —» 2ps3d' excitation, @ ls23d' —» ls'3d' excitation, ® ls!2p5 «— ls'2p6 relaxation. 
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Thee SH(HypX') spectrum (Figure 8, trace a) and the SH(HypX') spectrum (Figure 8, trace b) both 

havee an L3 absorption maximum at 852.9 eV. From the position of the L, absorption centroid we can 

inferr that the redox state of the active site Ni of the as-isolated, oxidised R eutrnnha SH(HypX') is 

Ni(II )) and remains the same in the SH(HypX'). Previous XAS studies (Gu, 1996; Muller, 1997) already 

suggestedd this redox state, but could not unequivocally substantiate this proposal. From the precise 

positionn of the L, maxima it is most likely that in both cases the Ni(II ) ion is in a HS state. Also in 

supportt of a Ni(II ) HS system is the clear shoulder that is present on the high-energy side of the Ls 

peakk in both SH(HypX*) and SH(HypX') L-edge spectra (Figure 8). The shoulder is somewhat more 

pronouncedd for the mutant which might be the result of a higher orbital effect (e.g. stronger admixing 

off  an empty 4s orbital into the 3d orbital of Ni). Unfortunately, the signal-to-noise of the recorded 

spectraa is not of such quality that the multiplicity of the L2 could be judged appropriately. However, 

thee data are consistent in the fact that in the SH(HypX') L-edge spectrum (Figure 8, trace b) the L2 

centroidcentroid seems a littl e bit lower in intensity and somewhat broadened, which also suggests an increase 

inn multiplicity compared to the SH(HypX'). Another tool to infer spin-state from these type of 

spectraa is the branching ratio: the surface of the L, peak divided by the total intensity of the spectrum 

(L3/(L22 + L,)). In model complexes a branching ratio smaller than 0.7 is correlated to LS Ni(II ) systems 

whilee above this value they are HS Ni(II) . Unfortunately, the S/N ratios of the spectra shown in Figure 

88 were too low and the quality of the spectra insufficient to determine accurate branching ratios. 

Higherr quality spectra have to be recorded to further complete this analysis. Nevertheless, based on 

peakk positions and multiplicity we think it is fair to say that in both the SH(HypX*) and the 

SH(HypX')) the Ni ion is in a HS Ni(II ) state. 

JJ I I L 

8455 850 855 860 865 870 875 

Excitationn energy (eV) 

Figuree 8. L-edge spectra for (a) the SH(HypX') and (b) the SH(HypX'), both in the as-isolated, oxidised state. 
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RIXSRIXS measurements. In Figure 9a two of the first ever recorded RIXS spectra of proteins are 

presented.. Nowadays, K-edge spectroscopy and, to some lesser extent, L-edge spectroscopy are 
establishedd tools to study the chemical properties of transition metals and their environment in 

proteins.. These techniques give complementary information: K-edge spectra mainly yield information 

aboutt coordination and geometry. From L-edge spectra the valency and spin-state of the metal ion 

underr study can be derived. In RIXS spectroscopy it is possible to combine these two types of 

experimentss by mapping the ls2p resonant inelastic X-ray scattering (RIXS) landscape. This method 

iss illustrated in Figure 7 in a simplified two-step process. Through the absorption of hard X-rays 

(-8,3300 eV) a Is electron is excited to an available 3d orbital (a dipole forbidden ls23d" — ls'3d' 

transition,, figure 7, @), creating a core hole in the Is orbital. This core hole is quickly filled by an 

electronn decaying from the 2p orbital (lsz2p!«- ls'2p', dipole allowed, Figure 7, ®), concomitantly 

emittingg radiation. The hard X-rays (-7,480 eV) emitted in this relaxation process are recorded. The 

energyy difference between the absorbed and the emitted radiation corresponds to the energy of the 

2p63d88 -» 2p53d' transition (AE in Figure 8). In the RIXS spectra in Figure 9a, the incident energy (x-

axis;; 8,328 to 8,337 eV, the pre-edge region and lower side of the Ni K-edge, see Figure 6) is plotted 

againstt the energy difference between the absorbed and the emitted radiation (y-axis; 849 to 860 eV, 

thee window of the L, centroid in the L-edge spectra, see Figure 8). 

Oxidisedd SH(HypX+) Oxidised SH(HypX) 

83299 833 1 833 3 833 5 832 9 833 1 833 3 833 5 
83300  833 2 833 4 833 6 833 0 833 2 833 4 833 6 

Incidentt Energy ( eV) 

Figuree 9a. RIXS spectra for the SH(HvpX*) and the SH(HypX), both in the as-isolated, oxidised state. In these 
spectraa the incident energy is plotted on the x-axis and on the y-axis the final-state energy, the energy difference 
betweenn the absorbed and the emitted radiation is plotted. 

Ass can be seen from the RIXS spectra the high-energy shoulder observed in the L-edge spectra is a real 

feature.. The shoulder of the L, centroid in Figure 8 can be correlated to the high-energy feature at 

-8577 eV in Figure 9a. The RIXS spectra also endorse that this shoulder is stronger in the SH(HypX') 
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thann SH(HypX*) since this feature, marked with the arrow in Figure 9a, is also stronger in the RIXS 

spectrumm of the negative mutant. In Figure 9b the isolated Is —> 3d transition, the pre-edge feature in 

-cage e 
VAOO :_.i T>I i ii_ _* -*. *.i_ - i l ~r*.L _ -, J __u:*.-l : ~ - *l A:CC 
J\I\O,J\I\O,  ia auuwu. incac anuw mat ai uic itvti ui uit ju uiuiiai *.m.itn-o uit i t ait uv uuitn-uvi-a 

betweenn the SH(HypX') and the SH(HypX). 

Theoreticall  simulations of a HS Ni(II ) system showed an L-edge spectrum with similar features as 

observedd in Figure 8 (not shown). From the parameters obtained form this simulation the ls2p X-ray 

emissionn spectrum could be calculated. This was done at exactly at the Is pre-edge energy (8,332 eV) 

andd it reproduced the measured RIXS features rather well (not shown). Comparison of RIXS spectra 

off  SH(HypX*), SH(HypX) and Ni model compounds showed that the main features observed in the 

hydrogenasee spectra resembled those of HS Ni(II ) model compounds (P. Glatzel and S.P. Cramer, 

personalpersonal communication). 

c c 

-Q Q 
i i 

in in 

0) ) 

—— SH(HypX+) 

SH(HypX-) ) 

83288 833 0 833 2 833 4 833 6 833 8 

Incidentt Energy ( eV) 

Figuree 9b. A constant final state spectrum showing the isolated 
Iss — 3d transition of the low-energy feature in the RIXS 
spectraa in Figure 9a at the local maximum at 853 eV of both 
thee SH(HypX') and the SH(HvpX). 

Fromm the L-edge and RIXS measurements, no clear differences in Ni spin-state between the 

SH(HypX*)) and the SH(HypX) are observed. This does not necessarily exclude a different 

coordinationn around the Ni ion. This only indicates that the spin-state of the Ni is not influenced very 

muchh by the absence of a CN' ligand presumably due to the putative replacement with an OH" ligand. 

Inn a recent theoretical study it was proposed that the spin-state of the Ni ion is not only determined 

byy the nature of the direct ligands to the Ni ion but also by the symmetry. The symmetry is mainly 

governedd by the rigid protein structure, imposing a certain geometry to the Ni site which results in a 

HSS Ni(II ) state (Fan, 2002). When, in density functional theory (DFT) calculations, the geometry of 

thee active site was fixed to the coordinates of the crystal structure, the minimal energy for a Ni(II ) HS 

statee was 20 kcal/mol lower than for a Ni(II ) LS state. If the geometry constraints were released and 

thee modelled complex was allowed to converge to an energy minimum the resulting spin-state was LS 

andd the Ni geometry was virtually square planar, a favoured configuration for a low-spin Ni(II ) ion. 

However,, the active site of an enzyme is coordinated by amino acid residues and the strain applied by 
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thee protein backbone usually does not allow such large conformational reorganisations. This point is 

illustratedd by the fact that crystal structures of standard hydrogenases from different bacterial origins 

inn the as-isolated oxidised, H2-reduced and CO-inhibited state only show minute differences in the 

geometryy of the active site (Volbeda, 1995; Garcin, 1999; Higuchi, 2000). 

Previously,, experimental evidence for a HS Ni(II ) state in the CO-inhibited state of [NiFe] 

hydrogenasess has been presented (Wang 2000; 2001). Since CO is a strong ligand bound to the Ni1* 

ion,, this result initially conflicted with the chemist's intuition. Nevertheless, it has recently been 

confirmedd by DFT calculations on CO-inhibited D. gigas [NiFe] hydrogenase (De Lacey, 2002). In this 

studyy the calculated IR stretching frequencies of the internal and the external CO correlated better 

withh the experimental values for a HS Ni(II ) system than for a LS Ni(II ) system. 

DISCUSSIONN AND CONCLUSIONS 

TheThe proposed model for the active site of the SH(HypX). Based on the results presented in this paper 
wee conclude that the active site of the SH(HypX') contains one cyanide ligand less in its active site 

thann the SH(HypX+). The active site of the SH(HypX+) as presented in Figure 1, was proposed to 

containn three cyanide ligands bound to the active-site Fe and one cyanide ligand to Ni (Happe, 2000). 

Thee cyanide ligand bound to Ni was postulated to shield the active site from oxygen under turn-over 

conditions.. Chemical analysis of a SH purified from a strain (HF480) with a deletion in the hypX 

accessoryy genes showed that in this case the active site only contained three cyanide ligands. Standard 

[NiFe]]  hydrogenases contain two cyanides in their active sites, both ligated to the Fe ion (Bagley, 1995; 

Volbeda,Volbeda, 1995,1996a; Pierik, 1999). These two cyanide ligands are 'buried' within the protein and 

cannott be exchanged with external cyanide. The missing cyanide ligand in the SH(HypX') may be 

eitherr the third cyanide on Fe or the cyanide on Ni. Our results lead us to propose that in the as-

isolatedd SH(HypX) the cyanide normallyy bound to Ni is absent (Figure 10). Observations supporting 

thiss proposal are the absence of the 2098 cm'1 absorption band in the FTIR spectrum of the as-isolated 

SH(HypX)) and the lack of shift of the CO band, indicating that the coordination around Fe does not 

changee (Figure 3, trace b). In previous work the 2098 cm'1 band was assigned to a cyanide ligand 

directlyy bound to the active-site Ni (Happe, 2000). This work also reported a shift of this band to 2051 

cm'11 when the wild-type SH was incubated under 100% H2. In the SH(HypX'), however, the 2087 cm' 

andd the 2077 cm' bands (almost) disappear while two bands at 2065 and 2051 cm'1 come up. Since no 

peakk analysis of the cyanide region of the SH wild-type FTIR spectra was previously performed, it is 

nott yet possible to compare these data in detail. In the reduced state the cyanide vibrations show a 

remarkablee increase in intensity, while the CO absorption remains constant. This might for example 

bee due to a deprotonation of one of the cyanides or a weakening of hydrogen bonding to the protein, 

largelyy increasing the polarity of the C-N bond and the intensity of the resulting absorption band. 

However,, at this point, it remains too speculative to propose a detailed explanation. One more feature 

off  the FTIR spectra of the SH(HypX) in the reduced state is the inhomogeneity of the COO absorption 
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peak.. Only a reductive incubation under hydrogen gas showed this effect. The same effect was also 

observedd in the wild-type SH (unpublished results, B. Bleijlevens, E. van der Linden and S.P.J. Albracht). 

Figuree 10. Active site model for the SH(HypX) from R. eutropha based on this study. 

Wee speculate that this may be due to the replacement of the third cyanide ligand on Fe by a hydride 

(Bleijlevens,(Bleijlevens, 2002). The replacement of a cyanide ligand by a hydride results in a change of electron 

densityy on the Fe ion and influences the rc-backbonding properties of the metal centre and thus the 

positionn of the CO vibration. As can be seen this is what happens under reducing conditions for a 

smalll  percentage of the molecules (Figure 3, trace c). The same process was described in an earlier 

sectionn for the formation of small amounts of Ni^-C' in the SH of R. eutropha. 

Reoxidationn of reduced SH(HypX') resulted in a small peak at 2098 cm'1 (Figure 3, trace e). We 

hypothesisehypothesise that this may be due to the binding of a cyanide ligand to Ni after it had been released 

fromfrom the Fe site during reduction. Only few molecules loose the third Fe-cyanide and therefore the 

correspondingg peak at 2098 cm'1 is also rather weak. To obtain the 2098 cm"' peak the oxidation had 

too be aerobic, as can be seen from trace g in Figure 3. After anaerobic oxidation with DCIP no peak at 

20988 cm'1 was observed. Apparently, oxygen also has an effect on the way the active site oxidises and 

inactivates. . 

TheThe function of the HypX accessory protein in active site assembly of the SH. This study clearly shows 

thatt upon deletion of hypX gene the SH from R. eutropha becomes sensitive to oxygen during 

hydrogenn oxidation with BV as electron acceptor. Furthermore, a chemical analysis showed that only 

2.99 cyanides can be released from the SH from the JiypX-negative strain while in enzyme purified 

fromfrom the hypX-positiwe strain 3.7 cyanides were detected. The observed EPR and X-ray absorption 

spectrall  differences were not very pronounced. However, the FTIR spectra where considerably 

different.. EPR spectroscopy may not be the best of techniques to study this active site because of 

reasonss explained before. The Ni X-ray absorption spectrum showed a small difference between the 

SH(HypX*)) and the SH(HypX'), indicative of a difference in Ni coordination. Especially the Fourier-

transformedd extended fine structures (EXAFS) were different. The other spectral techniques applied 

too study the differences between the SH(HypX*) and the SH(HypX) active-site Ni ion were not 

directlyy sensitive to changes in coordination but monitored the spin-state instead (L-edge and RIXS 

spectroscopy). . 
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Basedd on the above discussed (bio)chemical data, the spectral analyses, the type of bacteria containing 

HypXX analogues and the homology of HypX with proteins involved in CI-metabolism we propose 

thatt the HypX protein is required to make the active site of the SH from R. eutropha resistant against 

oxygen.. It does this via the incorporation of an extra cyanide ligand to the active site during the 

maturationn process of the hydrogenase. Based on the presented data we do not know how the third 

cyanidee ligand to Fe is incorporated into the active site. The accessory protein HypF has been 

proposedd to play a role in the incorporation of the diatomic ligands in Escherichia coli [NiFe] 

hydrogenasee (Paschos, 2001). Currently, we also do not know what molecule is the precursor for the 

extraa cyanide ligands in the SH of R. eutropha. The study on the maturation of standard [NiFe] 

hydrogenasess in E. coli showed that in this case carbamoyl phosphate is the likely precursor for the 

diatomicc ligands (Paschos, 2001). It would be very interesting to check oxygen tolerant hydrogenases 

fromm other sources to see if this protection mechanism is generally applied to protect the hydrogenase 

activee site from oxygen. 

TheThe Junction of the HypX protein in the maturation oftheMBH. The growth curves in Figure 2 

showedd that besides SH-dependent growth, also the MBH-dependent growth was retarded by oxygen 

iff  the hypX gene was deleted. This argues in favour of a pleiotropic effect of the hypX gene, as was 

proposedd before (Buhrke, 1998). It remains unclear how many cyanides are ligated to the active site of 

thee MBH, since we were not yet able to record FTIR spectra of sufficient quality. The reason that the 

effectt on MBH-dependent growth is smaller than on SH-dependent growth might lay in the location 

off  both enzymes. The MBH is functional in the membrane and this might protect the enzyme from 

oxidationn by oxygen. Another possibility is that, after oxidation by oxygen, it is swiftly reduced again 

byy the quinone pool in the membrane. 

TheThe Junction of the HypX protein in the maturation of the RH. The effect of the deletion of the 

accessoryy genes on the maturation of the Regulatory Hydrogenase (RH) was studied before (Buhrke, 

2001).2001). All deletions but one in the accessory gene region resulted in incorrectly processed and 

unstablee RH protein. Only a deletion in the hypX gene hardly effected the stability and the activity of 

thee RH. Characterisation of the RH protein showed an active site similar to that of'standard 

hydrogenases'' with an Fe site that is only ligated by two cyanides and one carbon monoxide (Pierik, 

1998;1998; Bernhard, 2001). Since the RH does not require the incorporation of extra cyanide ligands into 

thee active site, it does not depend on the HypX protein for proper active site assembly. 

TheThe electronic properties of the Ni ion in the SH. The X-ray absorption spectroscopy measurements 

describedd in this chapter showed that the Ni ion in both the SH(HypX+) and the SH(HypX) in the as-

isolated,, oxidised state is divalent. This is in agreement with the EPR measurements in which we did 

nott observe a Ni-based unpaired spin (S = 1/2) in this state. Yet, the L-edge and the RIXS 

measurementss showed that the Ni centre is not diamagnetic. The observed spectra showed that the 

Ni(II )) ion is high-spin (S = 1) in both. Although the concept that the Ni2+ ion in [NiFe] hydrogenases 
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cann occur in a high-spin state is quite a novel one, there is increasing support of this hypothesis 

(Wang,(Wang, 2000,2001; Fan, 2002; DeLacey, 2002; this work). 

InsensitivityInsensitivity towards carbon monoxide ofSH. When standard [NiFe] hydrogenases are inhibited by 

exogenouss carbon monoxide the Ni ion is clamped in an EPR silent Ni2t state (Van der Zwaan, 1986; 

Bagley,Bagley, 1994; Surerus, 1994). The inhibiting CO molecule is bound to Ni and points in the direction of 

thee gas channel through which the substrate hydrogen gas diffuses to the active site (Htguchi, 2000; De 

Lacey,Lacey, 2002). The SH from R. eutropha is different from the standard hydrogenases since it is not at all 

inhibitedd by carbon monoxide. This has been explained by steric hindrance of the binding of 

exogenouss CO to the active site Ni by the extra cyanide ligands in the R. eutropha active site (Happe, 

2000).2000). The cyanide on the Ni prevents the binding of a CO molecule to the active site as it also 

preventss oxidation and inactivation of the active site by oxygen. In the SH(HypX'), however, the 

cyanidee ligated to Ni is not incorporated (this work) while it remains insensitive to carbon monoxide. 

Obviously,, additional factors play a role in the lack of the reaction of the SH(HypX') active site with 

CO. . 
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TheThe H2 sensor ofR. eutropha 

ABSTRACT T 

Previouss genetic studies have revealed a multicomponent signal transduction chain, consisting of a H2 

sensor,, a histidine protein kinase and a response regulator, which controls hydrogenase gene 

transcriptionn in the proteobacterium Ralstonia eutropha. In this study, we isolated the H2 sensor and 

demonstratedd that the purified protein forms a complex with the histidine protein kinase. 

Biochemicall  and spectroscopic analysis revealed that the H2 sensor is a cytoplasmic [NiFe] 

hydrogenasee with unique features. The H2-oxidising activity was two orders of magnitude lower than 

thatt of standard hydrogenases and insensitive to oxygen, carbon monoxide and acetylene. 

Interestingly,, only H2 production but no HD formation was detected in the D2/H
+ exchange assay. 

FTIRR data showed an active site similar to that of standard [NiFe] hydrogenases. It is suggested that 

thee protein environment accounts for a restricted gas diffusion and for the typical kinetic parameters 

off  the Hj sensor. EPR analysis demonstrated that the [4Fe-4S] clusters within the small subunit were 

nott reduced under hydrogen even in the presence of dithionite. Optical spectra revealed the presence 

off  a novel, redox-active, n=22 chromophore which is reduced by H r The possible involvement of this 

chromophoree in signal transduction is discussed. 
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Thee detection of physiologically important gases by organisms is mediated by biological sensors which 
convertt  the molecular  signal into a cellular  response. Sensors for  02, CO and NO have been described 
andd the signalling mechanism is subject of current research (Ignarro, 1982; GiUes-Gonzalez, 1991; 

Shelver,Shelver, 1997). One of the best-studied examples is the two-component FixL-FixJ system of Rhizobium 

melilotimeliloti and Bradyrhizobium japonicum. In this case the presence of O, is detected by a heme-
containingg histidine protein kinase (Gilles-Gonzalez, 1995). The heme group in FixL binds the oxygen 
moleculee that induces a transition of the ferrous iron from high-spin to low-spin. This triggers the 
inactivationn of the kinase domain of FixL. The release of 0lt at low O, tensions, restores the S = 2 state 
off  the heme iron, which in turn leads to activation of the kinase by autophosphorylation. Subsequent 
phosphoryll  transfer  to the response activator  FixJ finally stimulates gene transcription (Gong, 1998). 

Inn the facultative chemolithotrophic proteobacterium Ralstonia eutropha (formerly Alcaligenes 

eutrophus),eutrophus), the oxidation of molecular  hydrogen is catalysed by two [NiFe] hydrogenases, a 
membrane-boundd (MBH, Schink, 1979) and a cytoplasmic NAD'-reducing hydrogenase (SH, Schink, 

1976).1976). The structural genes of both [NiFe] hydrogenases together  with sets of accessory genes are 
groupedd in the MBH and SH operons, which are induced in the presence of molecular  hydrogen 
(Lenz,(Lenz, 1998; Schwartz, 1998). Hydrogenase gene transcription is controlled by a multicomponent 
regulatoryy system consisting of the proteins HoxB, HoxC, HoxJ and HoxA, which are encoded in the 
MBHH operon (Lenz, 1997; Lenz, 1998; Schwartz, 1998). HoxJ and HoxA share typical features of a 
bacteriall  two-component regulatory system that recognises and responds to various environmental 
stimulii  (Stock, 1995; Lenz, 1998). Our  studies showed that HoxJ displays autokinase activity (Lenz, 

1998)1998) and communicates with the activator HoxA (Forgber, M., Lenz, O., Schwartz, E. and Friedrich, 

B.,B., unpublished results), a member of the NtrC family of response regulators (Eberz, 1991). HoxA, the 
finalfinal  target of the Hrsensing signal transduction chain, binds to the upstream region of the 
hydrogenasee promoters and activates open complex formation by sigma 54 RNA polymerase 
(Zimtner,(Zimtner, 1995; Schwartz, 1998). 

Geneticc studies revealed that recognition of H2 requires in addition to HoxA and HoxJ the protein 
HoxBCC (Lenz, 1998). Proteins similar  to HoxBC, designated HupUV, have been identified in 
RhodobacterRhodobacter capsulatus and B. japonicum (Elsen, 1996; Black, 1994). HoxBC-like proteins show typical 

featuress of a [NiFe] hydrogenase (Kleihues, 2000). Although HoxBC is essential for  lithoautotrophi c 
growthh of R. eutropha (Lenz, 1998), it can not compensate for  the loss of the MBH and the SH. This 
observationn points to a regulatory rather  than an energy-yielding function of the HoxBC protein 
(Kleihues,(Kleihues, 2000). The low level of expression combined with an extremely low activity allowed only 
preliminar yy biochemical analysis of HoxBC in crude extracts (Pierik, 1998), Attempts to express a 
functionall  HoxBC protein in Escherichia colt were unsuccessful This prompted us to develop a 
homologouss overexpression system in R. eutropha (Kleihues, 2000) and to use it successfully for  the 
purificatio nn of HoxBC, further  on named regulatory hydrogenase (RH). 
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Biochemicall  and spectroscopic analysis of the homogenous RH uncovered unique enzymatic features, 

whichh are clearly distinct from the properties of standard hydrogenases. The data suggest that the RH 

showss a common fNiFel active site hut disnlavs sitmifiran t rhanaes in the nmtein environment Tn 

orderr to study the mechanism of H2 signal transduction in more depth, we started to establish an in 

vitroo system, using purified components. First data show that the RH forms a specific complex with 

thee sensor kinase HoxJ, supporting the notion that the RH is a direct component of the signal 

transductionn chain. 

MATERIAL SS AND METHOD S 

CellCell growth. R. eutropha strain HF371, a derivative of R. eutropha H16, harbouring plasmid pGE378, 

wass used for protein purification (Kleihues, 2000). Cells were heterotrophically grown in a mineral 

mediumm in a 101 Braun Biostat fermentor (Braun, Melsungen, Germany) at 30°C under hydrogenase 

derepressingg conditions. At an optical density (OD4 J of 11 the cells were harvested, washed in 50 mM 

potassiumm phosphate buffer pH 7.0 (K-P04 buffer), and stored frozen in liquid nitrogen. 

RHRH purification. Cells (83 g, wet weight) were resuspended in 30 ml of K-P04 buffer containing 0.1 

mMM phenylmethylsulfonyl fluoride (PMSF). Cells were disrupted by two passages through a chilled 

Amiconn French press cell at 1100 psi (75.8 bar). Soluble extracts were prepared by high-speed 

centrifugationn (100,000 x g, 60 min, 4°C). The resulting supernatant was degassed and saturated with 

hydrogen.. The extract was kept under an atmosphere of 100% H, and subsequently incubated for 10 

minn at 65°C. After the heat treatment the sample was chilled on ice. All further purification steps were 

carriedd out under air. The denatured proteins were removed by centrifugation (13,000 x g, 20 min, 

4°C)) and the supernatant was fractionated by addition of (NH4)2 SO, to a final concentration of 1 M. 

Thee precipitated proteins were removed by centrifugation (13,000 x g, 20 min, 4°C) and the clear 

supernatantt was directly applied to a POROS 20ET column (Applied Biosystems; ethyl ether; 10 X 100 

mm),, pre-equilibrated with K-P04 buffer containing 1 M (NH4)2 S04 at a flow rate of 40 ml/min 

(BioCADD Perfusion Chromatography Workstation). The column was washed with 2 bed volumes of 

K-PO,, buffer containing 1 M (NH4)2 S04. The protein was eluted with K-P04 buffer containing 0.4 M 

(NH4)jj  S04 and fractions of 4 ml were collected. The active fractions of several column runs were 

combined,, concentrated and dialysed against K-P04, buffer. The RH was further purified on a POROS 

20HQQ columnn (Applied Biosystems; quaternised polyethyleneimine; 4.6 x 100 mm) pre-equilibrated 

withh K-P04 buffer. The eluent was pooled, concentrated (Centriprep-10; Amicon) and directly frozen 

inn liquid N5. Protein concentrations were determined according to the method of Lowry, 1951. 

ImmunologicalImmunological procedures. Proteins were resolved by electrophoresis in 12% polyacrylamide/SDS gels 

andd transferred to Protran BA85 nitrocellulose membranes (Schleicher & Schuil). HoxC was detected 

withh anti-HoxC serum, diluted 1:1000, and an alkaline-phosphatase-labeled goat anti-rabbit IgG 

(Dianova,, Hamburg). 
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ComplexComplex formation assay. The histidine protein kinase HoxJ was overproduced in E. coli and 

purifiedd as a polyhistidine-tagged protein, HisrHoxJ, by metal chelate affinit y chromatography (Lenz, 

1998).1998). Purified His6-HoxJ and RH were mixed and subsequently applied to a native 4-15% 

polyacrylamidee gel. Native gel electrophoresis was carried out as previously described (Bernhard, 

1996).1996). Complex formation was either  monitored by in-gel hydrogenase activity staining (Bernhard, 

1996)1996) or  by protein staining usingg Coomassie blue. 

MetalMetal analysis. Nickel and iron were determined with a Hitachi 180-80 polarised Zeeman Atomic 

Absorptionn Spectrophotometer  against a standard series. Samples were made devoid of extraneous 

metall  ions by passage over  a Chelex-100 column (BioRad). 

ActivityActivity measurements. Hydrogen-uptake activity was measured amperometrically at 30°C in a cell 

(2.155 ml) with 50 mM Tris-HCl (pH 8.0) using a Clark-typ e electrode (YSI  5331) according to 

Coremans,Coremans, 1989. As O, did not affect the activity, no efforts were made to remove air. Hydrogen, in the 

formm of Hrsaturated water, was added to final concentrations varying from 36 uM to 100 uM. As 

electronn acceptor  either  benzyl viologen (BV, 4.2 mM, Em = -359 mV) or  methylene blue (MB, 4 mM, 

EE =+11 mV) were used. The measured specific activities were plotted against the H2 concentration. 

Thee dependence was simulated using the program Leonora by Cornish-Bowden, assuming Michaelis-

Mentenn kinetics (Cornish-Bowden, 1995). Protein concentrations in the assay were typically 2.5 to 5 

nMM  RH (ctjBj) . Benzyl viologen-dependent Revolution was determined amperometrically at 30°C. 

Thee reaction mixtur e contained 50 mM acetate buffer, 1 mM benzyl viologen and 3 mM sodium 

dithionite. . 

D7H**  exchange activity was measured in a stirred membrane leak chamber fitted to a mass 

spectrometerr  (Masstorr  200 DX quadrupole, VG Quadruples Ltd.). Two different assays weree used. 

Inn the first  assay 10 ml of MES / MOPS / Tri s buffer  solution (ionic strength 90 mM; pH 6.5) was 

saturatedd with 20% D, and 80% Ar  and 1 umol of sodium dithionit e was added to eliminate residual 

oxygen.. The reaction was started by the addition of RH (c^B,) to a final concentration of 0.12 uM. 

Massess 1-6 were scanned at 1 atomic mass unit per  second. In the second assay the buffer  solution was 

inn 99.9 % D,0 (Aldrich ) and saturated with H r A control experiment was done in Dj/D p in order  to 

evaluatee the HD-production catalysed by the protein due to contaminant H \ This effect was 

subtractedd from the H,/Dp assay. The pD of the assay mixtures was measured with a glass electrode 

calibratedd with pH standards in H20. It was taken into account that pD = pH + 0.41 (Covington, 1968; 

Quinn,Quinn, 1991). All experiments were done at 30°C. 

EPREPR spectroscopy. X-band (9.4 GHz) spectra with a 100 kHz field-modulation frequency were 
recordedd on a Bruker  ECS 106 EPR spectrometer  equipped with an Oxford Instruments ESR900 
helium-floww cryostat with an ITC4 temperature controller. The magnetic field was calibrated with an 
AEGG magnetic field meter. The frequency was measured with a Hewlett Peckard 5350B Microwave 
Frequencyy Counter. Illuminatio n of the samples was performed by shining white light (Osram 
Halogenn Bellaphot, 150 W) via a light guide through the irradiatio n grid of the Bruker  ER 4102 ST 
cavity.. Spectra were simulated according to previously published formulas (Beinert, 1982). 
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FTIRFTIR spectroscopy. Fourier Transform Infrared (FTIR) spectra were taken on a BioRad FTS 60A 

spectrometerr equipped with an MCT detector. Spectra were recorded at room temperature with a 

resolutionn of 2 cm'. Typically, averages of 1524 spectra were taken against proper blanks. Enzyme 

sampless (10 ul) were loaded into a gas-tight transmission cell (CaF2, 56 um pathlength). The spectra 

weree corrected for the baseline using a spline function provided by the BioRad software. 

Ultraviolet/visibleUltraviolet/visible spectroscopy. Optical spectra were taken on an Aminco DW-2000 

spectrophotometerr interfaced with an IBM computer. 

RESULTS S 

PurificationPurification of the RH protein. To avoid interferences with the dominant activities of the MBH and 

thee SH we started the purification of the RH protein with mutant R. eutropha HF371, in which the 

MBHH and SH genes had been deleted by mutation. After cell disruption and high speed centrifugation 

thee soluble extract was incubated at 65°C for 10 min under an atmosphere of H2 (100%). The heat-

treatmentt was necessary prior to high-resolution hydrophobic interaction chromatography, to 

providee an effective and rapid isolation of the RH. Purification to apparent homogeneity was achieved 

byy subsequent anion exchange chromatography. The total procedure is summarised in Table 1. 

Startingg from 83 g of cells (wet weight) 10.9 mg of RH was obtained. The specific activity of the 

preparationn was 0.94 U/mg of protein with MB as electron acceptor. The Hrconcentration in the 

assayy was 57.8 uM. The protein was purified 26 fold with a yield of 6 %. 

Tablee 1. Purification of the R. eutropha regulatory hydrogenase. 

Step p 

Solublee extract 

Heatt  treatment 

(NH^SO, , 

ETT column 

HQQ column 

Totall  protein 

mg mg 

4676 6 

1734 4 

1620 0 

34.8 8 

10.9 9 

Totall  Activit y 

units units 

168.5 5 

83.3 3 

79.4 4 

23.4 4 

10.3 3 

Specc Activit y 

units/mg units/mg 

0.036 6 

0.048 8 

0.049 9 

0.673 3 

0.942 2 

Recovery y 

96 6 

100 0 

49.4 4 

47.1 1 

13.9 9 

6.1 1 

Purificatio n n 

-fold -fold 

1.3 3 

1.4 4 

18.7 7 

26.2 2 

'' The induvidual steps are described in detail under Materials and methods 

BiochemicalBiochemical properties. Two protein bands occurred after denaturing the RH by SDS-PAGE 

correspondingg to molecular masses of 37 and 55 kDa, respectively (Figure 1A). These values are in 

goodd agreement with those predicted from the nucleotide sequence of hoxB (36.5 kDa) and hoxC 

(52.44 kDa). The identity of the purified protein was confirmed by immunoblot analysis, using an 

antibodyy raised against the HoxC subunit of the RH (Figure IB). Analysis of the enzyme on a 

Superdexx G-200 (Amersham Pharmacia Biotech) revealed a single peak corresponding to a molecular 

masss of approximately 165 kDa (data not shown) indicating that the RH was purified as a tetramer 
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withh a a2|32 structure. Atomic absorption spectroscopy (AAS) showed an average metal content of 11.2 

Fe/Ni.. After chelex treatment this ratio decreased to 7.6 Fe/Ni. The activity after the chelex-100 

columnn was 75% of the initial activity. 

Thee oxidation of H2 by the purified RH turned out to be 02 insensitive. The level of activity was the 

samee in aerobic and anaerobic buffers. Moreover, the rate of H2 oxidation determined with MB as the 

electronn acceptor did not show the typical lag phase found for most as-isolated [NiFe] hydrogenases. 

Thiss observation is consistent with the result obtained with soluble extract (Pierik, 1998). The Km for 

H22 was 25  5 uM and the calculated specific activity at Vmls conditions was 1.2  0.2 U/mg of protein. 

Thee activity of the RH remained constant over a broad pH range between 5-10 irrespective of the used 

bufferss (K-acetate, K-PO( and Tris/HCl; 50 mM each), whereas most hydrogenases show a distinct pH 

optimum.. In contrast to the H2-uptake activity, the production of H2 by the RH was pH-dependent. 

Highestt H2 evolution rates (0.8 U /mg of protein) were obtained at pH 4.0 with benzyl viologen as 

electronn donor. Acetylene has been shown to be a competitive inhibitor for several hydrogenases 

(Hyman,(Hyman, 1985; Zorin, 1996). Incubation of the RH with C2H2 did not affect the RH activity (data not 

shown). . 

Storagee of the purified RH at 4°C under air or an atmosphere of 100% 02 resulted in a loss of 50% of 

thee H2-dependent MB-reducing activity within 48 h. Replacement of the air atmosphere by 100% Ar 

orr N2 caused a decrease of 20% of the activity within the same period of time. Addition of metal ions 

(FeJ*,, Ni2\ Mn2\ Mg2*, Zn2t) or glycerol (20%) or addition of KC1 up to 0.5 M did not affect the 

stabilityy of the RH. The supply of dithionite or ferricyanide under anoxic conditions also did not 

contributee to the stability of the RH. Moreover, storage of the isolated RH under an atmosphere of 

100%% H2 inactivated the RH rapidly, 50% of its activity disappeared within 12 h. The H2 sensitivity 

contrastscontrasts data obtained with the soluble extract, which showed constant RH activity over a period of 

244 h under comparable conditions. In all cases inactivation of the RH was irreversible. 

B B 
1 22 3 4 5 

Figuree 1. Purification of the RH. (A) Coomassie blue staining and (B) Immunoblot analysis of protein samples 
fromm various purification steps after separation by SDS-PAGE. The subunits HoxB and HoxC of the RH are 
indicatedd by an arrow. Lane 1, soluble extract; lane 2, supernatant after treatment at 65°C for 10 min; lane 3, 
supernatantt of 25% (NHJ2SO, precipitation; lane 4, hydrophobic interaction; lane 5, anion exchange 
chromatography. . 
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D*/H*D*/H*  exchange activity. The D7H* exchange assay with the RH yielded only H2 production but no 

HDD formation (Figure 2A). The initial rate of H2 production at pH 6.5 was 2.1  0.1 U/mg of protein. 
T*II • i -i : •- i:-*:-^c *. i__*-r-*i TXT:T:„I l— i „*u:~k R k A U u : ~ u ^ m i t ^ l H t M rtf 
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HD-productionn than of H2 production. When the exchange activity assay was measured in deuterated 

waterr saturated with H2 some HD production was detected with the RH, although the rate of D2 

evolutionn was definitively higher (Figure 2B). The initial rate of D2 production at pD 6.5 was 1.3  0.2 

U/mgg of protein, whereas the initial rate of HD production was 0.5 1 U/mg of protein. The pH 

optimumm of the D7H* exchange activity of the RH was at pH 5.5 (data not shown). 
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Figuree 2. D7H* exchange activity of the RH. (A) D2/H*  exchange kinetics catalysed by the RH from R. eutropha 
inn Mes/Mops/Tris buffer solution (ionic strength 90 mM, pH 6.5) saturated with 20% D2 and 80% Ar. (B) H2/D* 
exchangee kinetics measured in Mes/Mops/Tris buffer solution in D20 (ionic strength 90 mM, pD 6.5) saturated 
withh 100% H2. The arrow marks the addition of the RH to a final concentration of 0.12 uM. Masses 2-4 were 
recorded. . 

EPREPR spectroscopy. Preliminary studies of the RH in crude cell extracts prohibited a study of the EPR 

propertiess of its Fe-S clusters (Pierik, 1998). The purified enzyme now enabled this approach. The as 

isolatedd RH showed no EPR signals at temperatures between 4.2 K and 100 K. Also after addition of 

thee oxidising agent DCIP (dichlorophenolindophenol, Em = +230 mV) no signal occurred. Upon 

reductionn of the RH (15 min under 100% H22 at room temperature in 50 mM Tris-HCl, pH 8.0) a 

rhombicc EPR signal with g values at 2.19, 2.13 and 2.01 appeared (Figure 3, trace A). The double-

integratedd intensity of the signal amounted to a spin concentration equal to 69% of the Ni 

concentration.. The EPR signal is very similar to the well-studied N^-C' signal observed in standard 

hydrogenasess (e.g. from Desulfovibrio gigas and Allochromatium vinosum) and it is due to a 

paramagneticc state of the active site Ni in the 3+ state (Happe, 1999). A typical feature of enzyme in 

thee Nia-C' state is its light sensitivity at cryogenic temperatures, yielding the so-called Nia-L signal as a 

resultt of the photodissociation of a hydrogen (Van der Zwaan, 1985). A model for this 

photodissociationn has been described in Happe, 1999. In the case of the RH the Ni rC' signal also 

showedd this light-sensitive behaviour. Upon illumination at 30 K a spectrum (N^-L-: g^= 2.045, 2.09, 

2.24),, only slightly different from the Nit-L' signal of standard hydrogenases, showed up (Figure 3, 

tracee B). The small difference concerns the position of the gx (2.24 in the RH as compared to 2.28/2.30 
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inn standard [NiFe] hydrogenases). This points to a small structural difference around the active-site 

nickel.. Upon warming of the sample to 200 K for 15 min in the dark a third, transient, spectrum came 

upp with g values at 2.047, 2.069 and 2.30 (Figure 3, trace C). Only after several hours at 200 K the 

samplee returned to the Nif-C' state. Contrary to observations in standard [NiFe] hydrogenases no 

signall  of a [3Fe-4S] '*  cluster could be observed in the oxidised protein, not even after treatment with 

excesss DCIP. This is in agreement with the presence of three [4Fe-4S] clusters as predicted from the 

amino-acidd sequence data. When the protein was treated with 100% H2, however, no signals due to 

reducedd cubanes were detectable, not even if 20 mM dithionite was added. 

Nonee of the Ni signals (Nia-C, N^-L' or the transient signal) showed any spin coupling due to a 

reducedd proximal [4Fe-4S] cluster (Figure 3). This indicates that this cluster was in the oxidised, 

diamagneticc state in the RH under H2. In standard [NiFe] hydrogenases the proximal cluster is usually 

reducedd under 100% H2. The interaction of the Ni with the reduced proximal cluster is observed as a 

clearr two-fold splitting of the N^-C' signal at 4.5 K. At low temperatures it was also possible to 

completelyy saturate the Ni.-C" signal at high microwave power (260 mW) which is again indicative of 

ann oxidised proximal cluster (Van der Zwaan, 1985; Teixeira, 1987). Reduction of the RH with 

dithionitee in the presence or absence of low potential electron acceptors (MV, BV) under 100% H2 did 

notnot evoke any signal of a reduced Fe-S cluster. Also inspection of the integrated EPR signals did not 

uncoverr any broad signal due to reduced Fe-S clusters as can be seen in the right-hand panel in Figure 

33 for the N^-L' signal. 

Figuree 3. EPR spectra at 4.5 K of the RH under 100% H2. Left-hand panel: (A) The Ni,-C' state. (B) After 
illuminationn at 30 K (Ni,-L' state). (C) After 15 min at 200 K in the dark a transient state was observed. Relative 
gainss for A, B and C are 1.6, 1 and 1. Right-hand panel: the light-induced Ni,-L state is shown over a much 
widerr field sweep (400 mT), either as the direct spectrum (E) or as the first integral (D). Trace D shows that 
theree are no other paramagnets with broad signals hidden in the baseline of the first derivative. All spectra were 
recordedd with a microwave power incident to the cavity of 0.26 uW. 
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FTIRFTIR spectroscopy. The FTIR measurements on purified RH confirmed the presence of only two 

redoxx states described earlier to be present in the RH from soluble extracts (Pierik, 1998). Untreated 

proteinn showed a spectrum (Figure 4A) with two smal! banHs (7087 and 2071 cm') and one large 

bandd (1943 cm') in the 2150-1850 cm'1 spectral region. This EPR-silent state of the active RH 

resembless the Ni,-S state of standard [NiFe] hydrogenases. Maximal reduction, already obtained after 

aa few minutes under 100% H2 at room temperature, yielded the Ni.-C' state (Figure 4C) as identified 

previouslyy in other [NiFe] hydrogenases (Bagley, 1995; DeLacey, 1997). This state showed a CO stretch 

vibrationn at 1960 cm'. The two bands at 2082 and 2071 cm', which did not shift, are ascribed to the 

symmetricall  and antisymmetrical coupled vibrations of two cyanides bound to Fe in the active site 

(Pieriek,(Pieriek, 1998). It was not possible to further reduce this state by adding excess dithionite (20 mM, 

spectrumm not shown). When the gas phase was changed from 100% H2 to 100% CO (equilibration 

timee 60 min) a mixture of the Ni rC' and Ni,-S state was observed (Figure 4B). The spectrum clearly 

showedd that it was not possible for exogenous CO to bind to the active site of the RH since no extra 

peakk around 2060 cm'1 could be seen. Such a band from added CO is observed in the A. vinosum and 

D.D. gigas enzyme (Bagley, 1994; A.L. DeLacey and V.M. Fernandez, unpublished result). A similar change 

wass observed by replacing H2 with Ar (results not shown). Upon complete oxidation with excess DCIP 

(22 mM) the sample returned to the Nis-S state. 

Figuree 4. FTIR spectra of the RH. Trace A shows the RH in the 
oxidisedd state. After reduction under H2 the RH ends up in the 
reducedd state (trace C). If the gas phase was then exchanged for 
CO,, a mixture of oxidised and reduced RH was observed (trace B). 
AA similar spectrum was obtained by flushing with Ar. 

UV-V7SS absorption spectroscopy. UV-VIS spectra of oxidised and reduced RH showed differences in 

absorptionn between the two species. Incubation of the RH under 100% H2 resulted in an increase in 

absorptionn in the 250-280 nm and 300-400 nm spectral regions (Figure 5). The difference spectrum of 

reducedd minus oxidised RH showed a large peak at 251 nm and a smaller one at 342 nm with an 

apparentt shoulder at 305 nm. The calculated e25l was 11.96 mM 'cm ' based on protein concentration. 

Similarlyy the e3<2 was calculated to be 5.36 mM'cm'. The protein concentration used (0.64 mg/ml) 

wass such that the absorption at 280 nm was about 1.0. At this intensity the detector is still sensitive 

enoughh to pick up reliable differences in the UV, meaning that these are not due to mismatching in 

thiss region. 
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Figuree 5. Difference UV-Vis spectrum of reduced minus oxidised RH. Aerobic RH was diluted to a 
concentrationn of 0.64 mg/ml and divided over two cuvets. One cuvet was put under 100% H2 and measured 
againstt the aerobic sample in the reference cuvet at 2 nm resolution. 

ComplexComplex formation. To elucidate the nature of the interaction between the RH and the signal 

transductionn chain, purified kinase HoxJ and the RH were mixed and the sample was subjected to 

nativee PAGE (Figure 6). In one experiment the gel was resolved by protein staining (Figure 6A) and in 

thee parallel experiment a hydrogenase in-gel activity staining with PMS as electron acceptor was 

performedd (Figure 6B). Incubation of the RH with increasing amounts of HoxJ led to a band shift 

indicatingg the formation of a high molecular weight complex (Figure 6A, lanes 2-4). A band shift was 

nott observed in the control containing the RH and an excess of bovine serum albumin (Figure 6A and 

B,, lane 5). The in-gel assay (Figure 6B) demonstrated that the hydrogenase activity of the RH was 

maintainedd at high level upon complex formation (Figure 6B, lanes 3 and 4). Exposure to H2 resulted 

inn considerable loss of hydrogenase activity (Figure 6B, lane 6), which is consistent with the observed 

instabilityy of the RH in the presence of H2. 

.., , RH+HoxJ J 

RH H 

HoxJ J 

BSA A — • • 

Figuree 6. Complex formation of the RH and the histidine protein kinase HoxJ. Purified RH, HoxJ and a mixture 
off  RH and HoxJ, pre-incubated for 10 min, were applied to native PAGE. (A) Coomassie staining and (B) H2-
dependentt PMS reduction of native gels. Lane 1, 50 pmol RH; lane 2, 50 pmol RH and 10 pmol HoxJ; lane 3, 50 
pmoll  RH and 50 pmol HoxJ; lane 4, 50 pmol RH and 250 pmol HoxJ; lane 5, 50 pmol RH and 250 pmol BSA; 
lanee 6, 50 pmol RH and 50 pmol HoxJ pre-incubated for 30 min under H2; lane 7, 50 pmol of HoxJ. 
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genee activation in R. eutropha. This signal transduction chain consists of the transcription activator 

HoxA,, the histidine protein kinase HoxJ and the H2-sensor RH. The RH is absolutely necessary for the 

recognitionn of dihydrogen suggesting its primary role in signal reception (Lenz, 1998). Sequence 

alignmentt revealed that the RH contains typical signatures of [NiFe] hydrogenases (Kleihues, 2000) 

andd a preliminary EPR and FTIR study showed an active site similar to that of prototypic [NiFe] 

hydrogenasess (Pierik, 1998). Characterisation of the purified RH achieved in this study confirmed 

somee biochemical features which are compatible to those of standard [NiFe] hydrogenases. On the 

otherr hand, some characteristics were uncovered which are obviously uniquely assigned to the 

subgroupp of H2-sensing proteins (Kleihues, 2000). Unlike standard [NiFe] hydrogenases, which 

usuallyy have H2-uptake activities of about 200-300 U/mg of protein, the RH displayed a specific 

activityy at Vraii of only 1.2  0.2 U/mg of protein. Moreover, in the air-oxidised state the RH showed 

noo lag phase suggesting that it does not require a reductive activation step before the protein is 

enzymaticallyy active. 

Interestingly,, the activity of the RH was not inhibited by 02, CO or C2H2. Most hydrogenases are 

sensitivee to these gases with the exception of the SH of R. eutropha (Schneider, 1979). In this case a 

modifiedd catalytic centre probably excludes the binding of CO and 02 (Happe, 2000). Although the 

EPRR and FTIR spectra of the Ni-Fe site of the RH resemble those of standard [NiFe] hydrogenases, the 

activee site of the RH exhibits some important redox differences. Only the Nit-S and Ni,-C* states are 

attainableattainable and CO cannot bind to the active enzyme. This indicates that the Ni site (where in standard 

[NiFe]]  hydrogenases CO binds and where H2 is proposed to react under turnover conditions, Happe, 

1999)1999) is altered such that it cannot react with CO or H2. This would restrict the reaction with H2 to the 

Fee site resulting in the Ni^C* state only. The very low activity of the RH is in line with this idea. The 

D2/H
++ exchange data suggest that D2 diffusion to and from the active site is severely restricted resulting 

inn a molecular cage effect (Krasna, 1979). The formed HD then reacts again to form H2, before 

diffusionn of HD from the enzyme to the bulk occurs. In the H2/D
+ exchange, the formed D2 escapes 

slowerr than HD, allowing some HD detection. The gas channel detected in the X-ray structures of 

[NiFe]]  hydrogenases (Volbeda, 1995; Montet, 1997) points right to the Ni site. Changes in the amino-

acidd composition of this channel close to the Ni site, e.g. the presence of more bulky residues, could 

explainn both the redox and the exchange properties. The kinetic behaviour of the RH in the D2/H
+ 

activityy assay is in agreement with the low activity of the RH in the other assays. 

Thee described EPR and FTIR data on the purified RH do not differ from those presented earlier for 

thee protein in crude extracts, so purification does not change these properties. A previously 

unobservedd state occurred when the Nit-L" state was warmed up to 200 K. A transient state was then 

observedd with g values at 2.047,2.069 and 2.30. This points to changes induced in the vicinity of the 

Nii  site. As yet, we do not understand the nature of these changes. 

Anotherr typical feature of the light sensitivity in the RH is that all conversions are much slower than 

inn several other hydrogenases tested in this laboratory using the same experimental set-up (e.g. A. 

vinosum,vinosum, Methanococcus thermoautotrophicum, Wollinella succinogenes). The Nit-C* to Ni,-L 
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conversionn in membrane-bound hydrogenase (MBH) of A. vinosum is completed within 5 min 

whereass in the RH it took about 15 min. The difference in the reverse reaction was even more 

pronounced.. After two hours at 200 K the RH was still in the transient dark state, whereas the MBH of 

A.. vinosum requires only 10 to 15 minutes at 200 K to return completely to the Ni,-C". This slow 

photolysiss and the extremely slow annealing might be due to a less spacious, obstructed active site. 

Itt was shown that it was impossible to reduce the three [4Fe-4S] clusters (predicted to be present from 

sequencee data), although highly reductive conditions were applied (100% H2 with benzyl viologen, 

methyll  viologen and/or 20 mM dithionite). Also no splitting of the Ni,-C' or Ni,-L*  signals at 4.5 K by 

aa reduced proximal cluster was observed. 

Ourr current model of signal transduction in the RH is as follows: H2 binds to the active site 

(presumablyy at the Fe site, Happe, 1999) and causes a formal oxidation of the Ni ion from the 2+ to 

thee 3+ state. The released electron is transferred to the Fe-S clusters. However no spectroscopic 

evidencee for a reduced Fe-S cluster was found and no other S = 1/2 EPR signal was detected. Since the 

RHH is apparendy functional as an afit tetramer the possibility exists that two unpaired spins released 

byy the two Ni-Fe sites in the tetramer are united in a yet undetected, diamagnetic prosthetic group. 

Hence,, UV-VIS spectroscopy was applied. Much to our surprise reduction of the RH by H2 resulted in 

ann increase in absorption with clear maxima at 251 and 342 nm. We tentatively conclude that this 

increasee is caused by the reduction of a two electron accepting cofactor, shared by the two dimer (aB) 

moleculess in the RH (a^ ). The exact identity of this cofactor is currently under investigation. The 

positionn of the 342 nm band and its approximate molecular absorption coefficient (5.4 mM'cm'1) 

resemblee those of NADH. 

Transmissionn of the Hj-induced changes in the RH to the histidine protein kinase HoxJ proceeds via 

directt protein-protein interaction as shown by complex formation. The N-terminal part of HoxJ, the 

so-calledd input domain, is the most likely region for the signal-accepting site. Sequence comparison 

revealedd that this domain is a member of the PAS domain superfamily, which is found in a wide 

varietyy of regulatory systems involved in the sensing of light, oxygen or redox potential (Ponting, 1997; 

Zhulin,Zhulin, 1997; Taylor, 1999). Several PAS domain proteins mediate signal transmission by the way of 

ann associated cofactor (Taylor, 1999), like the FAD in the aerotaxis signal transducer Aer of E. coli 

(Bibikov,(Bibikov, 2000). Such a two-electron cofactor in HoxJ might be a good candidate and might be 

reducedd by the yet unidentified cofactor in the RH. In this scenario, electron flow from the RH to the 

histidinee kinase should induce a conformational switch to modulate the activity of the HoxJ 

transmitterr domain and thereby affecting the autophosphorylation activity of HoxJ. To resolve such a 

mechanismm we intend to block electron transport within the RH by site directed mutagenesis. 

Attractivee targets will be the ligands of the three Fe-S clusters and the non-metal cofactor of the RH. 
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ABSTRACT T 
Thee biosynthesis of [NiFe] hydrogenases is a complex process that requires the function of the Hyp 

proteinss HypA, HypB, HypC, HypD, HypE, HypF and HypX for assembly of the H2-activating [NiFe] 

site.. In this study we examinedd the maturation of the regulatory hydrogenase (RH) of Ralstonia 

eutropha.eutropha. The RH is a H2-sensing [NiFe] hydrogenase and is required as a constituent of a signal 

transductionn chain for the expression of two energy-linked [NiFe] hydrogenases. Here we demonstrate 

thatt the RH regulatory activity was barely affected by mutations not substantially diminished in hypD 

andd hypE deficient strains. The lack of HypF, however, resulted in a 90% decrease of the RH regulatory 

activity.. FTIR spectroscopy and the incorporation of "Ni into the RH from overproducing cells 

revealedd that the assembly of the [NiFe] active site is dependent on all Hyp functions, with the 

exceptionn of HypX. We conclude that the entire Hyp apparatus (HypA, B, C, D, E, F) is involved in an 

efficientt incorporation of the [NiFe] centre into the RH. 
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Hydrogenn plays a major role in bacterial energy metabolism. Many micro-organisms are capable of 

generatingg reducing power by hydrogen oxidation, others release excess reducing equivalents in the 

formm of dihydrogen. Both reactions are catalysed by enzymes called hydrogenases. The family of 

[NiFe]]  hydrogenases is most widespread in nature (for a review see Albracht, 1994). Crystallographic 

andd spectroscopic analysis of hydrogenases from sulphate-reducing bacteria revealed a structure 

consistingg of a large catalytic site-containing subunit and a small three Fe-S dusters-containing 

electron-transferringg subunit The Hractivating site is a bimetallic centre carrying a nickel and an iron 

atom.. The two metals are coordinated by thiolate groupss provided by four cysteine residues, and the 

ironn bears three non-protein ligands, one CO and two CN" (Volbeda, 1995; Happe, 1997; Pierik, 1999). 

Thee assembly of the [NiFe] active site is a complex process that requires at least six accessory gene 

products,, the HypA, HypB, HypC, HypD, HypE and HypF proteins (for review see Casalot, 2001), 

HypBB is able to bind Ni2+ ions (Rey, 1994; Fu, 1995) and displays GTPase activity which is required for 

nickell  incorporation (Mater, 1995). HypC is considered as a chaperone assisting metal centre assembly 

(Magalon,(Magalon, 2000b). Recent studies showed that HypF is involved in the incorporation of CO and/or 

CN""  and that carbamoylphosphate serves as the source of these diatomic ligands (Paschos, 2001). The 

precisee role of HypA, HypD and HypE is not yet defined. Recently it was demonstrated that HypE and 

HypFF of Helicobacter pylori interact in the yeast two-hybrid assay (Rain, 2001). A few organisms 

containn an additional open reading frame (ORF), HypX, which is necessary to obtain high level of 

hydrogenasee activity (Rey, 1996; Durmowicz, 1997; Buhrke, 1998). The last step in the maturation of 

[NiFe]-- hydrogenases is catalysed by a specific endopeptidase which cleaves off a short peptide from 

thee C-terminus of the large subunit, prior to oligomerisation of the polypeptides (Thiemermann, 1996; 

Fritsche,Fritsche, 1999). 

Thee facultative lithoautotrophic proteobacterium Ralstonia eutropha H16 possesses two energy-linked 

[NiFe]]  hydrogenases, a membrane-bound enzyme (MBH) which is coupled to the respiratory chain 

viaa a fr-type cytochrome (Schink, 1979; Bernhard, 1997) and a cytoplasmic hydrogenase (SH) which 

displayss NAD*-reducing activity (Schneider, 1976, Tran-Betcke, 1990). The SH and MBH structural 

geness are clustered on megaplasmid pHGl of R. eutropha in two distinct operons together with MBH-

andd SH-specific accessory genes (Schwartz, 1998). A complete set of hyp genes (hypAlBIFICDEX) is 

associatedd with the MBH operon (Dernedde, 1996b). Three of the hyp genes form a second copy 

(hypA2B2F2)(hypA2B2F2) downstream of the SH genes (Wolf, 1998). Mutations in any of the hyp genes have a 

pleiotropicc effect on the SH and MBH leading to a substantial decrease or complete loss of enzymatic 

activityy due to a failure to assemble the [NiFe] active site (Dernedde, 1996a; Buhrke, 1998; Wolf, 1998). 

Thee duplicated hyp gene products compensate for each other physiologically. 

Hydrogenasee gene expression in a number of Ü. eutropha strains depends on the availability of 

molecularr hydrogen. H2 is recognised by the cells via an intracytoplasmic protein complex consisting 

off  a regulatory hydrogenase (RH) and the histidine protein kinase HoxJ. The signal is transmitted on 

too the DNA level by the response regulator HoxA (Lenz, 1998). The hydrogen-sensing RH shows 

typicall  features of a subclass of [NiFe] hydrogenases (Kleihues, 2000). Counterparts of this protein are 

presentt  in Rhodobacter capsulatus (Eken, 1996) and Bradyrhizobium japonicum (Black, 1995). Studies 
withh soluble extracts (Pierik, 1998) and purified RH from R. eutropha (Bernhard, 2001) showed a 

[NiFe]]  active site with EPR- and FTIR-spectral properties resembling those of standard [NiFe] 
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hydrogenases.. The redox properties and the activity, however, dramatically differed. Although RH-like 

proteinss show enzymatic activity in assays like the Hj-dependent reduction of redox dyes or the Dj/H+ 

exchange,, the absolute activity is approximately two orders of magniiuuc luwci ilxoiï that of energy-

linkedd [NiFe] hydrogenases (Vignais, 2000; Bernhard, 2001). Furthermore, unlike standard cases, the 

RHH type protein lacks a C-terminal extension in the large subunit, therefore it is conceivable to 

excludee a proteolytic step in the maturation of this protein (Kleihues, 2000). This observation raises 

thee question if Hyp protein-assisted metal centre assembly process participates in RH activation. 

Inn this report we show that HypF is almost indispensable for the synthesis of active RH. Mutations in 

thee remaining hyp genes affect the regulatory capacity of the RH to lesser extent, but clearly decrease 

itss H2-oxidising activity if the RH is expressed at an elevated level. 

MATERIAL SS &  METHOD S 

StrainsStrains and plasmids. The strains and plasmids used in this study are listed in Table 1. Strains with the 

initial ss HF were derived from wild type R. eutropha H16. Escherichia colt JM109 (Yanisch-Perron, 1985) 

wass used for standard cloning procedures, and E. colt S17-1 (Simon, 1983) was used for conjugative 

plasmidd transfer to R. eutropha strains. A 1.4-kb SspI-Ec/13611 fragment of pCH297 was cloned into 

thee Ec/13611 site of pCH412. The resulting plasmid pCH547 harbours a 6303-bp in-frame deletion in 

thee hypl region of the MBH operon (hyp[AlBlFlCDEX]; hypl). For construction of a deletion in the 

hyp2hyp2 region of the SH operon, a pCH455-derived 5.1-kb Ec/13611-Bgni fragment was subcloned into 

thee EcoRV-Bgtll cut LITMUS 28. The resulting plasmid pCH857 was partially digested with IVuII and 

aa 4.1-kb fragment was religated to give pCH858 which contains a 3780-bp deletion in the hypl region 

(hyp[A2B2F2);(hyp[A2B2F2); hyp2). Finally hyp2 was inserted as a 1.4-kb Klenow-treated BgRl fragment into the 

PmelPmel site of pL02 yielding plasmid pCH859. For complementation studies, hypFl and was cloned as a 

1.4-kbb Pstl-EcoRV fragment derived from pCH371 into PstI-£c/136II cut pGElSl to give pGE457. 

MediaMedia and growth conditions. E. coli strains were grown in Luria Broth (LB). R. eutropha strains were 

grownn in modified LB medium containing 0.25% (w/v) sodium chloride (LSLB) or in mineral salts 

mediumm (Schwartz, 1998) containing 0.4% fructose (FN) or a mixture of fructose and glycerol (0.2% 

(w/v)) each; FGN) as the carbon sources. Sucrose-resistant segregants of sacB-harbouring strains were 

selectedd on LSLB plates containing 15% (w/v) sucrose (Lenz, 1994). Solid media contained 1.5% (w/v) 

agar.. Antibiotics were used at the following concentrations: 350 ug kanamycin ml" and 15 ug 

tetracyclinee ml"1 for R. eutropha, and 25 ug kanamycin ml"1,15 ug tetracycline ml"1 and 100 ug 

ampicillinn ml"1 for E. coli. 

ConjugativeConjugative plasmid transfer and gene replacement. Mobilisable plasmids were transferred from E. 

colicoli to R. eutropha using a spot mating technique (Simon, 1983). Gene replacement in R. eutropha was 

achievedd using an allelic exchange procedure based on the conditionally lethal sacB gene (Lenz, 1994). 

Thee resulting isolates were screened for the presence of the desired mutation by PCR amplification of 

thee respective target site (Bernhard, 1997). Deletion-carrying isolates were identified on the basis of the 
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alteredd electrophoretic mobility of the amplification products. Suicide plasmids pCH424 (hoxG), 

pCH4744 (hoxH) and pCH644 {hoxQ were used for the deletion of the genes for the large subunits of 

thee MBH, SH and RH, respectively. The hox/al264g exchange was achieved using pCH615. The hypl 

regionn of the MBH operon was deleted in R. eutropha H16 using plasmid pCH547 yielding HF439 

(hyp[AlBlFlCDEX];(hyp[AlBlFlCDEX]; hypl). Subsequendy, the hyp2 region of the SH region was deleted in HF439 

usingg plasmid pCH859 to generate HF575 {hyp[AlBlFlCDEX]hyp[A2B2F2]i hypl hyp2). Plasmid 

pCH8722 was used for the introduction of the (hoxK'-lacZ) gene fusion into the chromosomal 

norR2A2B2norR2A2B2 gene region of R. eutropha strains. 

CellCell fractionation and immunoblot analysis. JR. eutropha cells were disrupted by two passages through 

aa chilled French pressure cell (Amicon) at 900 psi. Cell debris and membranes were separated from the 

solublee fraction by ultracentrifugation (90,000 x g). Soluble proteins of R. eutropha extracts were 

separatedd by SDS-PAGE on 12% gels and subsequently transferred to Protran BA85 nitrocellulose 

membraness (Schleicher & Schuil) following a standard protocol (Towbin, 1979). The RH subunits 

HoxCC and HoxB were detected using anti-HoxC serum, diluted 1:1,000, and anti-HoxB serum diluted 

1:10,000,, respectively, and alkaline-phosphatase-labelled goat anti-rabbit IgG (Dianova, Hamburg, 

Germany). . 

In-gelIn-gel activity staining. Soluble proteins of R. eutropha extracts were separated by native PAGE (4%-

15%).. Subsequently, the gel was incubated in H2-saturated 50 mM potassium phosphate buffer pH 7.0 

containingg 0.09 mM phenazine methosulfate (PMS) and 0.06 mM nitroblue tetrazolium (NBT) under 

ann atmosphere of 100% H2. Purple-coloured bands occurred upon incubation at 30°C in the dark, 

indicatingg PMS-mediated reduction of NBT. 

'"Ni-labetting.'"Ni-labetting. Cells were grown in the presence of 120 nM "NiCL, (6.38 mCi/ml; Amersham). Soluble 

extractss were prepared and subjected to native PAGE. Gels were dried and autoradiographed using a 

SII  550 storage Phosphorlmager (Molecular Dynamics) as described earlier (Kleihues, 2000). 

FTIRFTIR spectroscopy. Fourier Transform Infrared (FTIR) spectra were taken on a BioRad FTS 60A 

spectrometerr equipped with an MCT detector. Spectra were recorded at room temperature with a 

resolutionn of 2 cm'. Typically, averages of 1524 spectra were taken against proper blanks. Samples of 

solublee extracts (10 ul) were loaded into a gas-tight transmission cell (CaF2,50 um pathlength). 

Sampless of whole cells were prepared by drying 100 ul aliquots of a cell suspension on a CaF2 window 

andd the dried placard was measured. The spectra were corrected for the baseline using a spline 

functionn provided by the BioRad software. 

Assays.Assays. Hroxidising activity was quantified by an amperometric H2-uptake assay as described 

previouslyy using a H2-electrode with methylene blue as the electron acceptor (Pierik, 1998). |S-

galactosidasee activity was determined as described previously (Zimmer, 1995), and the activities were 

calculatedd according to the Miller method (Miller, 1972) with die exception that the cell density was 

measuredd at 436 nm. Protein of soluble extracts was determined according to the protocol of Lowry 

dowry,dowry, 1951). 
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Tablee 1. Strains and plasmids 

StrainStrain or plasmid RelevantRelevant characteristics SourceSource or or reference 

R.R. eutropha 

H16 6 

HF470 0 

HF510 0 

HF410 0 

HF417 7 

HF441 1 

HF340 0 

HF338 8 

HF339 9 

HF469 9 

HF503 3 

HF504 4 

HF505 5 

HF506 6 

HF507 7 

HF508 8 

HF509 9 

HF573 3 

HF439 9 

HF575 5 

HF581 1 

HF582 2 

RR coli 
JM109 9 

S17-1 1 

wil dd type, SH* MBH* RH* HoxJ (ho*/gl264a) 

SHH  (hoxHA), MBH {hoxGA), RH* 

SHH  (hoxHA), MBH (hoxGA), RH (hmcCA) 

hypAlAhypA2A,hypAlAhypA2A, HoxJ 

hypBlAhypBlA hypB2A, HoxJ 

hypFIAhypFIA hypF2A, HoxJ 

*itf>CAHox J J 

hypDAhypDA HoxJ 

hypFAhypFA HoxJ 

hypXAhypXA HoxJ 

hypAlAhypAlA hypAlA, SH (hoxHA), MBH (hoxGA) 

hypBIAhypBIA hypB2A, SH (ftoxHA) , MBH"  (fwxGA) 

hypFIAhypFIA hypF2A, SH {hoxHA), MBH (hoxGA) 

hypCA,hypCA, SH (ftoxHA) , MBH (/IOJCGA) 

hypDA,hypDA, SH (hoxHA), MBH (hoxGA) 

*i>pEA ,, SH (fcoxHA), MBH (hoxGA) 

hypXA,hypXA, SH (hoxHA), MBH (JwxGA) 

SHH (hoxHA), MBH (hoxGA), nor(R2A2B2)A::(hoxK'-lacZ) 

hyplA(hyp[AlBlFlCDEXW hyplA(hyp[AlBlFlCDEXW 

hyplAhyp2A(hyp{AlBlFlCDEX]&hyplAhyp2A(hyp{AlBlFlCDEX]& hyp\A2B2F2]A) 

hyplAhyp2A,hyplAhyp2A, SH (/wwJJA), MBH {hoxGA), RH' , rtorfR2A2B2)A::(fwxr-i«Z) 

hyplAhyp2A,hyplAhyp2A, SH (ftoxHA) , MBH (/loxCA), RH (JwxCA), nor(R2A2B2)A::(hoxK'~ 

lacZ) lacZ) 

F''  traD36 Jad\ {lacZ)M15proA'B'ltli  (McrA ) (iac-proAB) f/ii gyrA96 (NaT) endAl 

hsdR17{^hsdR17{ ̂ m/) relAl supE44 recAl 

Tra**  recApro thi hsdR, chr.K?4-2 

DSM428,, ATCC 17699 

ThisThis study 

ThisThis study 

Wolf,Wolf, 1998 

Wolf,Wolf, 1998 

Wolf,1998 Wolf,1998 

Dernedde,Dernedde, 1996 

Dernedde,Dernedde, 1996 

Dernedde,Dernedde, 1996 

Buhrke,Buhrke, 1998 

ThisThis study 

ThisThis study 

ThisThis study 

ThisThis study 

ThisThis study 

ThisThis study 

ThisThis study 

ThisThis study 

ThisThis study 

ThisThis study 

ThisThis study 

ThisThis study 

Yanisch-Perron,Yanisch-Perron, 1985 

Simon,Simon, 1983 

Plasmids Plasmids 

pBIuescriptt  SK- Ap' , lacZ, T7 gene 10 promoter, fl ori 

LITMU SS 28 Ap' lacZ, ColEl ori 

pLOO l/pL0 2 Km' , sacB, RP4 oriT, ColEl ori 

pEDY3099 RK2 ori, Tc', Mob' , promotorless lacZ gene 

pCH2977 3.5-kb Kpttl fragment containing 'hypDEXhoxA' in pBIuescript SK-

pCH4122 2.1-kb 5ffi«I-PvwI I  fragment containing hypAl in pLO 1 (Pmel cut) 

pCH5477 2.7-kb fragment containing a 6.3-kb in-fram e deletion in hypAlBlFICDEX  in pLOl 

pCH3711 2.7-kb Kpnl-Xbal fragment containing hypBlFl in pTZ18R 

pCH4244 pLO 1 with a 2.2-kb Sdil-Smal fragment containing hoxGA 

pCH4555 15-kb Hindll l fragment of pGElS containing the SH gene region in pBIuescript KS+ 

pCH4744 pLO 1 with a 976-bp Sad fragment containing hoxHA 

pCH6155 0.8-kb £«>47III  fragment containing 'hoxf into Pmel-digested pL03 

pCH6444 pLOl with a 2.45-kb Pstl fragment containing hoxCA 

pCH8577 5.1-kb £dl36II-BgfI I  fragment of pCH455 cloned into LITMU S 28 (EcoKV-BgOl cut) 

pCH8588 4.1-kb fragment of a PvuII  partial digest of pCH857, religated 

Stratagenee Cloning 

Systems s 

Neww England Biolabs 

Lenz.1994 Lenz.1994 

Kleihues,Kleihues, 2000 

Lenz.1994 Lenz.1994 

Dernedde,Dernedde, 1996b 

ThisThis study 

} .. Dernedde & B. Friedrich 

Bemhard,Bemhard, 1996 

Massanz,Massanz, 1998 

Massanz,1998 Massanz,1998 

Lenz.1998 Lenz.1998 

Lenz.1998 Lenz.1998 

ThisThis study 

ThisThis study 

118 8 



ChapterChapter seven 

pGE66 8.6-kb CcoRI  fragment containing the hypl region in pVKlO l 

pGE155 15.0-kb Hindll l fragment of pHGl in pVKlO l 

pGE1511 Derivative of pRK404 

pGE3011 <Kfcox«:'-lBcZ), Tc' 

pGE3788 pEDY309 with a 2.8-kb Hi ndlll-Xfra l fragment containing ?m-hoxB-hoxC and with a 

2.2-kbb PvuII-£cfl36I I  fragment containing P^-hoxA 

pGE4577 1.4-kb PstL-EcokW fragment of pCH371 containing hypFl doned into Pstl-Edimi 

cutpGElSl l 

**  Nal', nalidixi c acid resistant; Tc', tetracycline resistant; Ap' , ampkilli n resistant; Km' , lunamyti n resistant. 

RESULTS S 

RegulatoryRegulatory properties of mutants deleted in individual hyp genes. For  H2-responding strains of J?. 
eutropha,eutropha, such as HF470 (Table 1), a functional RH is absolutely necessary to express the genes for the 

SHH and MBH. Mutants impaired in the RH fail to grow on H2 as an energy source (Lenz, 1998). To test 

whetherr mutations in the various hyp genes affect the regulatory activity of the RH, we examined two 

differentt sets of hyp mutants (Table 1). The first group of mutants carried single site in-frame 

deletionss in hypC (HF340), hypD (HF338), hypE (HF339) and hypX (HF469), respectively, and the 

secondd group of mutants was characterised by deletions in both copies of the respective hyp genes 

hypAlA2hypAlA2 (HF410), hypBlB2 (HF417) and hypFlF2 (HF441). We knocked out the SH and the MBH in 

thesee strains by deletions of the corresponding structural genes hoxH and hoxG, respectively, in order 

too avoid interferences with their dominant activities in the enzyme assays. Furthermore, since the hyp 

mutantss were originally constructed from the non Hrresponding strain R. eutropha H16 (Table 1) the 

activityy of the histidine kinase HoxJ was restored in the hyp mutants by site-directed mutagenesis as 

describedd (Lenz, 1998). A codon conversion in hoxJal264g replaced Ser at position 422 by a Gly 

residue. . 

Sincee the MBH and SH genes are regulated coordinately, transcription was monitored using the 

plasmid-bornee MBH gene fusion (hoxK'-lacZ) as a representative parameter. The hoxKgene encodes 

thee MBH small subunit and is the first gene of the MBH operon (Kortlüke, 1992). As expected, the 

referencee strain HF470 (Figure 1, lane 1) showed low p-galactosidase reporter activity in the absence 

andd high activity in the presence of H2. The RH negative strain failed to activate the MBH promoter 

underr both conditions (Figure 1, lane 2). The loss of HypA (lane 3), HypB (lane 4), HypC (lane 6) and 

HypXX (lane 9) scarcely affected the MBH promoter activity, whereas mutations in hypD (lane 7) and 

hypEhypE (lane 8) led to a moderate decrease of p-galactosidase to a level of 50 to 70%. A dramatic down 

regulationn occurred by mutation of hypF (lane 5). Mutant HF505 retained only 10% of the MBH 

promoterr activity. These resultss showed that HypF is a major component for the H2-sensing function 

off  the RH whereas the other hyp gene products seem to play a subordinate role in the synthesis of 

activee RH. 

Ben,Ben, 1986 

Tran-Betcke,Tran-Betcke, 1990 

Kortlüke,Kortlüke, 1992 

Lenz,Lenz, 1994 

Kleihucs,Kleihucs, 2000 
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Figuree 1. RH regulatory activity in the hyp deletion strains. 
R.R. eutropha strains harbouring the plasmid-based (hoxK'-
lacZ)lacZ) fusion were grown in FGN medium in the absence 
(blackk bars) and in the presence (white bars) of hydrogen. 
Cellss were harvested at an OD(436 nm) of 8.0 + 0.3 and 
thee P -galactosidase activity was determined according to 
thee protocol of Miller (Miller, 1972). Lane 1, HF470; lane 
2,, HF510; lane 3, HF503; lane 4, HF504; lane 5, HF505; 
lanee 6, HF506; lane 7, HF507; lane 8, HF508; lane 9, 
HF509. . 

EffectEffect of hyp mutations on the biochemical characteristics of the RH. To explore whether the 

regulatoryy properties of the hyp mutants correlate with the enzymatic activity of the RH, the mutants 

weree cultivated in fructose-glycerol minimal medium supplied with H2. Soluble extracts were prepared 

andd Hj-oxidising activity was determined amperometrically using methylene blue as the electron 

acceptor.. The data are summarised in Table 2. In a regular RH producing background (column 1) the 

RH'' and HypF" mutants were the only strains that were severely affected in their enzymatic activity. 

Thee level of activity obtained with the HypD" and HypE" strains correlated well with the diminished 

MBHH promoter activity (Figure 1). The wild-type like activity profile of the remaining Hyp" mutants 

wass in line with the regulatory data. 

Thee pattern changed substantially in strains that produced the RH at an elevated level caused by the 

introductionn of the TioxBC-harbouring plasmid pGE378 (Table 2, column 2). With the exception of 

thee hypX mutant all the other hyp deficient strains showed a dramatic decrease of hydrogenase activity 

whichh directly correlated with low "Ni incorporation by the hyp strains (Table 2, column 3). Western 

blott analysis, conducted with an antibody raised against the large HoxC subunit of the RH confirmed 

thee expression of RH protein in the hyp mutants (Figure 2). Nevertheless, with the exception of the 

hypXhypX mutant, the rest of the hyp strains exhibited a decreased band intensity pointing to less stable RH 

protein. . 

HoxC C 

1 1 

Hyp* * 

2 2 
RH" " 

33 4 5 6 7 8 9 
HypA"" HypB' HypF HypC" HypD' HypE" HypX" 

Figuree 2. RH protein stability in the hyp deletion strains. R. eutropha strains harbouring plasmid pGE378 for 
RH-overproductionn were grown in FGN medium under hydrogenase derepressing conditions. The presence of 
thee RH large subunit HoxC in soluble extracts was analysed by the immunoblot technique. 20 ug of protein was 
appliedd to each lane. Lane 1, HF470; lane 2, HF510 (containing control vector pEDY309 instead of pGE378); 
lanee 3, HF503; lane 4, HF504; lane 5, HF505; lane 6, HF506; lane 7, HF507; lane 8, HF508; lane 9, HF509. 
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Tablee 2. RH-mediated H2-oxidizing activities in the hyp deletion strains. 

Strain' ' 

HF470 0 

HF510 0 

HF503 3 

HF504 4 

HF505 5 

HF506 6 

HF507 7 

HF508 8 

HF509 9 

Relevant t 

characteristic c 

Hyp**  RH' 

Hyp**  RH 

hypAlAA2A hypAlAA2A 

hypBlAB2A hypBlAB2A 

hypFlAF2A hypFlAF2A 

Specificc activity 

(mU/mgg of protein) 

WW W 
0.34 4 

<0.05 5 

0.28 8 

0.34 4 

<0.05 5 

hypCAhypCA 0.27 

hypDA hypDA 

hypEA hypEA 

hypXA hypXA 

0.19 9 

0.23 3 

0.29 9 

^ ( . . . „ p , . ) ' ' 

58.61 1 

<0 .05' ' 

3.73 3 

1.74 4 

<0.05 5 

0.88 8 

0.20 0 

0.42 2 

49.42 2 

Ni --

incorporation' ' 

RH(.mpr.)' ' 

++ + 

_/ / 
+ + 

+ + 

--
+ + 

--
--

++ + 

""  All strains are SH" MBH" HoxJ* 
bb Cells were grown in FGN medium in the presence of H:. Specific activities were determined amperometrically 

withh methylene blue as electron acceptor. The values are the mean of two independent experiments. 

'' Cells were grown in the presence of  63NiClj . Proteins of soluble extracts were separated by native PAGE and the 

gell  was subjected to autoradiography. ++, strong signal; +, weak signal; -, no signal. 

RHH expressed from megaplasmid pHGl. 

'' Overproduced RH expressed from plasmid pGE378. 

'' Strain HF510 containing control vector pEDY309 instead of pGE378. . 

C C 
O O 

O O 

To.0002 2 

AA l i 

LX^ LX^ 
c c 

wt t 

11 Hyp* 

HypB' ' 

21000 205 0 200 0 195 0 190 0 

Wavenumberss (cm"1) 

Figuree 3. FTIR spectra of soluble extracts containing the 

overproducedd RH. Soluble extracts were prepared from R. 

eutrophaeutropha strains grown in FGN medium under 

hydrogenasee derepressing conditions. The spectra were 

recordedd using the as-isolated, concentrated extracts 

containingg the oxidised RH. Trace A, HF470(pGE378); 

tracee B, HF509(pGE378); trace C, HF504(pGE378). 
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Evidencee for changes in the structure of the active site of RH mutant proteins was also obtained by 

Fourierr transform infrared spectroscopy (FTIR). This method can only be applied to extracts from 

RH-overproducingg strains due to sensitivity limits (Pierik, 1998). Thus extracts prepared from the 

pGE378-containingg hyp mutants were analysed for the presence of infrared bands from metal-bound 

COO and CN (Figure 3). As expected the Hyp* control (trace A) showed a strong absorption at 1943 

cm"'' which corresponds to one CO ligand and the two bands at 2072 cm' and 2081 cm'1 are indicative 

forr the presence of two CN' as reported previously (Pierik, 1998; Bernhard, 2001). A similar spectrum 

wass obtained with extracts of the hypX mutant (Figure 3, trace B) which is in good agreement with its 

wild-typee like phenotype (Figure 1 and Table 2). No FTIR bands in the 2150-1850 cm"1 spectral region 

couldd be detected in the spectra of the rest of the hyp mutants, even in those derivatives which showed 

residuall  promoter and hydrogenase activities. As an example the spectrum of the hypBlhypB2 mutant 

extractt is shown (Figure 3, trace C). Obviously the concentration of intact RH molecules in the 

mutantss extracts was below the detection limit of the instrument. The use of intact mutant cells for 

FTIRR analysis, to circumvent the possibility of the destruction of labile RH maturation intermediates 

duringg the extract preparation, also yielded the same results. 

CompleteComplete deletion of the two megaplasmid-borne hyp DNA regions. The previous data indicate a 

gradedd significance of the various hyp gene products in the RH synthesis. If the Hyp proteins are 

instrumentall  as chaperones in a series of concerted steps, the loss of one of the seven proteins by 

mutationn may be phenotypically suppressed and less apparent. Therefore we completely deleted all 

knownn hyp genes in R. eutropha and raised the question if and to which extent introduction of the 

individuall  hyp genes restored the loss of the hyp gene regions. Large in-frame deletions in both the 

hyplhypl and hyp! regions yielded mutant HF575. As described above the SH and MBH activities were 

additionallyy blocked by mutations in the subunit genes hoxH and hoxG and the kinase HoxJ was 

reactivatedd by a Ser/Gly replacement. To prepare the strain for subsequent plasmid-based 

complementation,, the {hoxK'-lacZ) gene fusion was inserted into the NO reductase gene region 

norR2A2B2norR2A2B2 on the chromosome, a locus which is dispensable for hydrogen metabolism (Pohlmann, 

2000). 2000). 

Thee resulting mutant HF581 was cultivated in fructose-glycerol minimal medium with and without H2 

supplementationn and tested for P-galactosidase activity. Surprisingly the mutant still exhibited 10% of 

thee wild-type activity (Figure 4, lane 2) which corresponds to the level of activity observed before with 

thee HypF" strain (Figure 1, lane 5). A knockout of the RH gene hoxC on the other hand completely 

abolishedd the MBH promoter activity (Figure 4, line 3). This result indicates that the residual 

expressionn of B-galactosidase in the hyp negative strain HF581 is mediated by a small population of 

NiFe-containingg RH molecules. 
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Figuree 4. RH regulatory activity in the hyp negative 

strainn HF581.it eutropha strains harbouring the 

(hoxK'-lacZ)(hoxK'-lacZ) fusion integrated into the norR2A2B2 

genee region of the chromosome were grown in FGN 

mediumm in the absence (black bars) and in the 

presencee (white bars) of hydrogen. Cells were 

harvestedd at an OD(436 run) of 8.0  0.3 and the P -

galactosidasee activity was determined according to the 

protocoll  of Miller (Miller, 1972). Lane 1: 

HF573(pGE151);; lane 2: HF581(pGE151); lane 3: 

HF582(pGE151);; lane 4: HF581(pGE6); lane 5: 

HF581(pGE457). . 

Thee amperometric assay was not sensitive enough to detect low level of hydrogenase activity in the hyp 

negativee strain HF581. The in-gel hydrogenase assay using PMS as the electron acceptor is more 

appropriatee to detect even traces of enzymatic activity. This method initially also failed to demonstrate 

H2-oxidisingg activity in extracts of the hyp negative strain HF581 (Figure 5A, lane 3). In the course of 

characterisingg mutants with alterations in the SH protein it was observed that addition of Zn2+ to the 

growthh medium had a stabilising effect on the structure of the SH (C. Massanz and B. Friedrich, 

unpublishedunpublished results). Therefore we grew cells of the hyp negative strain HF581 in minimal medium 

supplementedd with 1 uM ZnCl2. The resulting extract clearly developed hydrogenase activity (Figure 

5A,, lane 4). Immunoblot analysis showed that addition of Zn2*  had a particularly stabilising effect on 

thee small subunit HoxB of the RH (Figure 5B, lane 4). Stabilisation of the RH protein was not 

observedd by supplementing the minimal medium with Co2\ Cu!*  or Mn ! ' ions (data not shown). 

Figuree 5. RH protein stability and RH-mediated H2-

oxidisingg activity in the hyp negative strain HF581. R. 

eutrophaeutropha strains were grown in FGN medium supplemented 

HoxCC with or without 1 uM ZnCl2 as indicated above the figures. A, 

immunoblott against the RH large subunit HoxC, 20 ug of 

 HoxB soluble protein on each lane; B, immunoblot against the RH 

smalll  subunit HoxB, 20 ug of soluble protein on each lane; 

C,, in-gel activity assay. 500 ug of soluble proteins were 

-- RH (a2(32) separated by native PAGE. Dark coloured bands indicate H2-

oxidisingg activity of the RH by the PMS-mediated reduction 

off  NBT. The fact that the RH forms an afi2 oligomer was 

-- RH (aP) previously described (Bemhard, 2001). Lanes 1 and 2, 

HF573;lanes3and4,HF581. . 
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ComplementaionComplementaion of RH activity. It was reported before that the activity of the two energy-linked 

hydrogenasess was completely restored in mutants devoid of hyp gene products by introducing the 

respectivee hyp gene on a plasmid (Dernedde, 1996a; Wolf, 1998). An analogous complementation 

experimentt was conducted using the hyp negative strain HF581 as the recipient Plasmid pGE6 

harbouringg the complete hypl region (hypAlBIFICDEX) was introduced into HF581. The resulting 

transconjugantss were able to activate the MBH promoter in the presence of H2 up to 80% of the wild 

typee level (Figure 4, lane 4). If the product of hypF is the major player in the RH cofactor insertion, 

introductionn of hypFl on plasmid pGE457 should substantially complement the MBH promoter 

activity.. In fact 30% of 6-galactosidase activity were recovered in the transconjugants (Figure 4, lane 

5).. This level was not enhanced by introducing the alternative copy hypF2. Moreover, plasmids 

harbouringg one of the other hyp genes had no complementation capacity at all (data not shown). 

DISCUSSION N 

Thee H2-sensing hydrogenase of R. eutropha belongs to a new subclass of [NiFe] hydrogenases that 

exhibitss some unique structural and biochemical features (Bernhard, 2001; Kleihues, 2000). Although 

itss active site has the spectral properties of a normal [NiFe] site, the active site can only exist in two 

redoxx states and does not react with 02 or CO. In addition, RH has a very low H,-oxidising activity 

withh artificial electron acceptors. The lack of a C-terminal extension in the large subunit indicates the 

absencee of a proteolytic step in RH maturation and raised the question if metal-centre assembly 

requiress auxiliary proteins as demonstrated for [NiFe] hydrogenases involved in energy metabolism 

(Casalot,(Casalot, 2001; Maier, 1996b). In addition to the Hrsensing hydrogenases (Kleihues, 2000), the CO-

inducedd hydrogenase in RhodospiriUum rubrum (Fox, 1996) and the Ech hydrogenase from 

MethanosarcinaMethanosarcina barken (Künkel, 1998), which are physiologically quite diverse, are devoid of a C-

terminall  extension in the large subunit. This observation suggests that the final proteolysis is not an 

obligatee step in [NiFe] centre assembly. 

Too examine whether Hyp proteins are involved in metal centre assembly of the RH, a collection of hyp 

mutantss of R. eutropha was analysed for its regulatory capacity, for its ability to oxidise H2 with redox 

dyess and for some structural features. It has been reported that the product of hypD is necessary for 

thee synthesis of active HupUV protein in R. capsulatus (Vignais, 2000) and that HypF participates in 

thee regulation of hydrogenase synthesis through maturation of HupUV (Colbeau, 1998). In this study 

wee show that complete deletion of the known hyp genes in R. eutropha HF581 dramatically affect both 

thee H2-sensing and the Hro»dising activity of the RH. Only 10% of B-galactosidase activity, expressed 

fromm a (hoxK'-lacZ) gene fusion, were recovered and trace amounts of hydrogenase activity were 

identifiedd in a native gel after stabilising the RH by the addition of ZnCl,. This result clearly argues for 

aa requirement of the Hyp proteins in the maturation of the H2-sensing hydrogenase. The fact that 

mutantss defective in the RH have completely lost the regulatory and enzymatic activities confirms the 

notionn that the residual activity in the fcyp-negative strains derived from some NiFe-containing RH 

molecules.. A strict correlation between both the RH regulatory and enzymatic activity and the 

availabilityy of nickel in the medium has been reported previously (Kleihues, 2000). 
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Ourr  results showed that of the seven hyp gene products in R. eutropha HypX had barely any effect on 
thee regulatory and enzymatic activity of the RH under  all conditions tested. Even the CO and CN 
relatedd infrared absorptions were not affected in extracts of the hypX deficient strain. Therefore the 
functionn of HypX which, under  certain conditions, may participate in the delivery of the Cl 
compoundss (Rey, 1996) appears to be restricted to the maturation of the SH and MBH (Buhrke, 1998). 

Fromm the phenotypic behaviour  of the corresponding mutants, it is inferred that the functional 
significancee of the remaining hyp gene products follow a graded pattern. HypA, HypB and HypC 
mutantss showed a decrease of maximal 10% in MBH promoter  activity which correlated with a 
slightlyy altered enzymatic activity. These mutations, however, had a severe effect on the level of 
enzymaticc RH activity if the hoxBC genes were expressed from a multipl e copy plasmid. Obviously the 
cellss need these Hyp proteins when hydrogenase synthesis proceeds at a high level. Mutants deleted for 
hypD,hypD, hypE and in particular  hypF had low if any regulatory and enzymatic activity. Provided HypF of 
R.R. eutropha has a similar  function as postulated for  E. coli (Paschos, 2001), incorporation of the non-
proteinn ligands CO and CN* is also a crucial reaction for  metal-centre assembly into the RH that can 
hardlyy be accomplished without the function of HypF. If HypF incorporates the Fe(CO)(CN)2 moiety, 
thenn this reaction is essential for  the Hrsensing function of the RH. We previously showed that both 
thee regulatory and the enzymatic activity of the RH is dependent on Ni (KleStues, 2000). Taken 
together,, these two observations indicate that signal transduction requires an Hj-sensor  with an intact 
[NiFe]]  active site. The question whether  a simple binding of H: or  further  electron-transfer  processes 
aree required for  H2-signalling remains open. 

Acknowledgements::  This work was funded by the Deutsche Forschungsgemeinschaft and by the 

Fondss der  Chemischen Industrie. We thank Dr. J. Dernedde for  the construction ofR. eutropha 
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SUMMAR Y Y 

Thiss thesis describes a study on three different [NiFe] hydrogenases from two different bacteria. 

Usually,, hydrogenases catalyse the reaction: H2«-»2H* + 2e'. The three [NiFe] hydrogenases described 

heree are no exception. Still, they have different biochemical properties and even different functions in 

thee bacterial cell. The subject of the first part of this thesis is the membrane-bound hydrogenase 

(MBH)) from AUochromatium vinosum. This hydrogenase is (reversibly) inactivated by O, and is unable 

too oxidise H, in the presence of low concentrations of Or The second enzyme under study was a 

solublee hydrogenase (SH) from Ralstonia eutropha that can oxidise H2 under aerobic conditions. The 

electronss that are produced in the oxidation of H2 are transferred to a diaphorase enzyme-module that 

reducess NAD* to NADH. The last two chapters deal with a regulatory hydrogenase (RH), also from R. 

eutropha,eutropha, whose function is not to oxidise H2 but to sense its presence and to subsequently activate a 

signall  transduction system that ultimately results in the transcription of H2-oxidising enzymes. The 

activee sites of these three hydrogenases all contain nickel and iron, as well as the peculiar CO and CN' 

ligandss that are present in all metal-containing hydrogenases. Likewise, they all contain Fe-S clusters to 

transferr electrons from the active site to an electron acceptor at the surface of the molecule, and, most 

importantt of all, they can all activate H2. This combination of structural similarities and differences in 

function,, operating conditions and phenomenology made these systemss very interesting to study and 

too comparee in detail 

Inn chapter  1 the published literature about research on [NiFe] hydrogenases is recapitulated. It is 

dividedd into four parts. The first part describes the prototypic [NiFe] hydrogenases like those from 

DesulfovibrioDesulfovibrio gigas and A. vinosum in terms of structural and spectroscopic properties. The second and 

thirdd part deal with two of the [NiFe] hydrogenases from R. eutropha, the NAD+-reducing soluble 

hydrogenasee (SH) and the H2-sensing regulatory hydrogenase (RH). The fourth and last section 

describess the current knowledge about the maturation of [NiFe] hydrogenases. 

Inn chapter 2, a study on the process of (in)activation of the [NiFe] hydrogenase from A. vinosum is 

described.. In the presence of 02 this enzyme inactivates and a bridging ligand is incorporated into the 

activee she. Based on FTIR measurements on the A. vinosum MBH it is proposed that in the process of 

inactivationn a hydroxide group is incorporated into die active site that prevents binding of H2. The 

bindingg of hydroxide enables the active-site Ni ion to oxidise from Ni,+ to Ni* . To reactivate the 

enzymee and to remove the bridging ligand again, the Ni site has to be reduced and the hydroxide must 

bee protonated to water. Subsequently thermal energy must be supplied to the system to release the 

waterr molecule from the active site. In the case of the A. vinosum MBH this is accomplished by 

incubatingg the enzyme at 50°C in the presence of H2 for half an hour. FTIR spectra of A vinosum 

[NiFe]]  hydrogenase in the reduced states are also presented and the nature of these states is discussed. 

Chapterr 3 deals with the nature of the ligand blocking the active site in the inactive states in more 

detail.. It is shown that oxidation of A. vinosum MBH in H20 or in D20 changes the EPR spectroscopic 

properties.. The MBH can be oxidised to two different oxidised states: the 'ready' (Ni/) and the 

'unready'' (Ni/) state. These two states differ in their ability to react with H2: quickly in the 'ready*  state 

(minutes)) and very slowly in the 'unread/ state (hours). Simulations of the EPR spectra prepared in 

HjOO and in D20 demonstrated that the MBH in the Ni,*  state contains a proton that, through reduction 
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andd reoxidation, could be exchanged for a deuteron. In the Niu' state no such proton was detected. In 

thee Nir' state, the nuclear spin (ƒ = 1/2) of the exchangeable proton interacted with the spin (S = 1/2) of 

thee unpaired electron of the paramagnetic Ni*  (3d?) ion. From the magnitude (6.6 MHz) and nature of 

thiss interaction (anisotropic), the position of the proton with respect to the paramagnetic Ni site was 

proposedd as well as possible active-site structures for the MBH in both states. 

Thee oxidation of the A. vinosum MBH to a novel state is described in chapter  4. The active site of the 

enzymee was fixed in an active state by the binding of CO and subsequently the enzyme was oxidised in 

aa controlled way with a high-potential redox dye. This resulted in a state that was spectroscopically very 

similarr to enzyme in the active, Ni,-C" state. Details about the oxidation state and ligand coordination 

off  the Ni ion in the Ni4-C* state are discussed in view of the properties of this new, oxygen-stable state. 

Thee experiments also indicated that a second reaction might be catalysed by the MBH, namely the 

oxidationn of CO to C02. 

Thee remaining part of this thesis is dedicated to two [NiFe] hydrogenases from the aerobic bacterium 

R.R. eutropha. In chapter  5 a form of the soluble hydrogenase (SH) is described that results from a 

deletionn in the hypX gene, a gene coding for the auxiliary protein HypX involved in the assembly of the 

SH.. The result of this deletion on the maturation of the SH is studied. It is shown that bacteria lacking 

thee HypX protein grow much slower in the presence of 02. The SH was purified from a HypX-negative 

andd a HypX-positive strain and their properties are compared. Activity measurements showed that the 

SH(HypX')) was sensitive to 02, whereas the SH(HypX+) was not. FTIR spectra showed clear differences 

betweenn the SH(HypX') and the SH(HypX+) in the spectral region where the cyanide ligands absorb. 

Thee amount of cyanide ligands bound to the active site was determined by chemical analysis and it is 

shownn that the SH(HypX') contains three CN" ligands bound to the active site whereas the SH(HypX*) 

containss four. EXAFS measurements showed a difference in the coordination around the Ni ion. This 

ledd to the proposal that the CN" ligand bound to Ni in HypX-positive strain is absent in the HypX-

negativee strain and that this causes the increase in Ot sensitivity. It is concluded that it is the function of 

thee HypX protein to deliver this particular CN" ligand to the active site and to attach it to Ni during the 

maturationn of the SH. 

Thee regulatory hydrogenase (RH), another soluble [NiFe] hydrogenase from R. eutropha, is studied in 

chapterr 6. The function of the RH is to sense H2 in low concentrations. When it detects H,, it transmits 

aa signal through a signal transduction pathway, which ultimately leads to the transcription of genes 

thatt encode the Hroxidising enzymes in the cell. This allows the bacterial cell to adopt its metabolism 

too the growth conditions. In this chapter the purification and spectroscopic characterisation of the RH 

aree described. FTIR and EPR measurements showed thatt the RH contains a standard active site with 

onee CO and two CN ligands. Nevertheless, the H2-oxidation activity of the RH was not hampered by 

eitherr CO or 02. UV-Vis measurements showed an increase in absorption in the 240 to 400 nm region 

uponn binding of H2 to the active site. This observation was putatively assigned to the reduction of a 

thuss far unidentified cofactor, supposedly involved in signal transduction. 

Finally,, chapter 7 describes the role of the hyp gene products in the maturation of the RH from R. 

eutropha.eutropha. The maturation of hydrogenases is a complex process that involves multiple components for 

thee synthesis of the active site. It is shown, on the basis of deletion mutants, that the RH regulatory 

activityy was barely affected by mutations in hypAy hypB, hypC or hypX and remained largely unaffected 

130 0 



ChapterChapter eight 

inn hypD- and /t^ii-deficien t mutants. The deletion of hypF, however, resulted in a 90% decrease of die 
RHH regulatory activity. FTIR measurements on extracts from RH overproducing cells, showed that the 
properr  assembly of the [NiFe] active site depended on all Hyp proteins, except HypX. This was in 
agreementt  with the results described in chapter  5, that indicated that HypX is involved in the specific 
incorporationn of one of the extra CN' ligands in the active site of the SH, a ligand absent in the RH 
activee site. 
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Inn dit proefschrift worden drie [NiFe] hydrogenasen uit twee verschillende bacteriën beschreven. 

Hydrogenasess katalyseren de reactie: H2«-+ 2H+ + 2e". Ook de drie hier beschreven [NiFe] 

hydrogenasenn kunnen deze reaktie katalyseren maar ze hebben verschillende eigenschappen en 

vervullenn andere functies in de bacteriële cel. Het eerste enzym dat wordt beschreven in dit proefschrift 

iss het membraan gebonden hydrogenase (membrane-bound hydrogenase, MBH)) van Aüochromatium 

vinosum.vinosum. Dit enzym wordt (reversibel) geïnactiveerd door zuurstof (02) en is niet in staat om waterstof 

(H2)) te oxideren in de aanwezigheid van lage concentraties 02. Het tweede enzym dat beschreven wordt 

iss het oplosbaar hydrogenase (soluble hydrogenase, SH) van Ralstonia eutropha, dat wel H2 kan 

oxiderenn in aanwezigheid van 02. De elektronen die bij deze reactie vrijkomen worden overgedragen 

naarr een diaforase deel waar ze gebruikt worden om NAD+ te reduceren tot NADH. De laatste twee 

hoofdstukkenn van dit proefschrift beschrijven het regulerend hydrogenase (regulatory hydrogenase, 

RH)) van R. eutropha. Het RH speelt geen rol bij de H2 oxidatie. In aanwezigheid van H2 geeft het een 

signaall  door dat er uiteindelijk toe leidt dat de H2-oxiderende hydrogenases in de cel tot expressie 

gebrachtt worden. 

Dee actieve centra van deze drie eiwitten bevatten allemaal zowel nikkel (Ni) als ijzer (Fe) alsook de 

typischee koolmonoxide (CO) en cyanide (CN) liganden die aangetroffen worden in alle metaal-

bevattendee hydrogenasen. Ook bevatten ze alle drie een aantal ijzer-zwavel (Fe-S) clusters die 

elektronenn van het actief centrum naar het oppervlak van het molecuul kunnen geleiden, alwaar ze 

verderverder doorgegeven kunnen worden. Misschien wel de belangrijkste eigenschap van al deze eiwitten is 

datt ze kunnen H2 activeren. Juist deze overeenkomsten in opbouw en verschillen in functie, 

eigenschappenn en voorkomen maken deze systemen interessant om in detail met elkaar te vergelijken. 

Inn hoofdstuk 1 wordt een overzicht gegeven van het onderzoek dat tot dusver aan [NiFe] 

hydrogenasenn is gedaan en relevant is voor de beschreven onderwerpen in dit proefschrift. In het eerste 

deell  worden de hydrogenasen die exemplarisch zijn voor het grootste deel van de [NiFe] hydrogenasen 

beschreven,, de zogenaamde standaard [NiFe] hydrogenasen. De [NiFe] hydrogenasen van A. vinosum 

enn Desulfovibrio gigas zijn hiervan voorbeelden. In het tweede en derde deel worden twee [NiFe] 

hydrogenasenn beschreven van de bacterie R. eutropha, het oplosbaar hydrogenase (SH) en het 

regulerendd hydrogenase (RH). Het vierde en laatste deel beschrijft wat er tot op heden bekend is van 

hett complexe maturatie proces van [NiFe] hydrogenasen. 

Hett onderwerp van hoofdstuk 2 is het [NiFe] hydrogenase van A. vinosum. Dit enzym oxideert H2 

alleenn onder anaërobe condities. In de aanwezigheid van 02 inactiveert het en een bruggend ligand 

wordtt ingebouwd in het actief centrum. Op basis van FTIR-metingen wordt nu voorgesteld dat een 

hydroxidee (OH ) groep wordt geïncorporeerd tijdens inactivatie. Door de binding van hydroxide kan 

hett Ni:+ ion in het actief centrum geoxideerd worden tot Ni3+. Om het enzym te reactiveren moet het 

Ni-ionn gereduceerd worden tot Ni1+ waarna het bruggende hydroxide ion geprotoneerd kan worden tot 

water.. Dit watermolecuul kan verwijderd worden uit het actief centrum door het toedienen van energie 

inn de vorm van warmte. In het geval van het A. vinosum MBH wordt dit gedaan door het enzym 30 

minutenn te incuberen bij 50°C in aanwezigheid van H2. Verder worden er in dit hoofdstuk FTIR spectra 

vann gereduceerd A. vinosum MBH besproken. 
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Inn hoofdstuk 3 wordt het bruggend ligand in inactief enzym in meer detail beschreven. Het bleek dat 

hett oxideren van A. vinosum MBH in H20 of in D20 gevolgen heeft voor de EPR-spectrale 

eigenschappenn van het enzym. Het A. vinosum MBH kan worden geoxideerd tot twee verschillende 

toestanden:: 'ready' (Nir') en 'unready*  (Niu). Deze toestanden verschillen in de tijdsduur waarin ze tot 

Hj-oxidatiee kunnen overgaan: snel (minuten) als het enzym 'ready" is en langzaam (uren) als het 

enzymm 'unready' is. Simulaties van de EPR spectra opgenomen in H20 of in D p, toonden aan dat 

MBHH in de Nir' toestand een proton bevat dat (door reductie en reoxidatie) uitgewisseld kan worden 

voorr een deuteron. Een dergelijk proton werd niet waargenomen in enzym in de NiB' toestand. In de 

Nir""  toestand vertoont de kernspin van het uitwisselbare proton (ƒ = 1/2) interactie met de spin van het 

ongepaardee elektron (S = 1/2) van het Ni3*  (3d7) ion. Uit de grootte (6.6 MHz) en de aard van de 

interactiee (anisotroop) kon de positie van het uitwisselbaar proton ten opzichte van het Ni-ion afgeleid 

worden.. Op basis van deze informatie worden mogelijke structuren voor geoxideerd MBH voorgesteld. 

Dee oxidatie van het A. vinosum [NiFe] hydrogenase tot een nieuwe toestand wordt beschreven in 

hoofdstukk 4. Hiertoe werd het actief centrum van het enzym in een actieve toestand gefixeerd door CO 

tee laten binden. Daarna werd het op een gecontroleerde manier geoxideerd met een sterke oxidator. 

Hett resultaat was een toestand die spectoscopisch erg lijk t op enzym in de actieve Ni,-C* vorm. De 

oxidatietoestandd en ligandering van de nieuwe toestand wordt beschreven in relatie met de Nia-C 

vorm.. Deze experimenten een indicatie op dat het [NiFe] hydrogenase van A. vinosum een andere 

reaktiee zou kunnen katalyseren, te weten de oxidatie van CO tot C03. 

Dee rest van dit proefschrift is gewijd aan twee [NiFe] hydrogenasen van de aerobe bacterie R. eutropha. 

Inn hoofdstuk 5 wordt een vorm van het oplosbaar hydrogenase (SH) beschreven die het resultaat is van 

eenn deletie in het hypX gen, een gen dat codeert voor een eiwit (HypX) dat assisteert bij de biosynthese 

vann het SH. Bacteriën die het HypX gen niet meer bevatten groeiden veel trager in aanwezigheid van 02. 

Metingenn aan gezuiverd SH toonden aan dat de Hj-oxidatie activiteit van het SH(HypX)) verminderde 

inn aanwezigeheid van O r De activiteit van het SH(HypX+) was nagenoeg gelijk met of zonder 02. In 

FTIRR spectra van SH(HypX') en SH(HypX+) waren verschillen te zien in het gebied waar de CN" 

ligandenn absorberen. Het aantal CN" liganden werd bepaald door een chemische analyse die aantoonde 

datt de SH(HypX') drie CN liganden bindt in het actief centrum en de SH(HypX+) vier. Uit EXAFS 

metingenn bleek ook een verschil in de ligandering rond het Ni ion. Deze resultaten leidden tot het 

voorstell  dat het Ni-gebonden CN" ligand in SH(HypX+), afwezig is in SH(HypX). Dat zou ook de 

verhoogdee gevoeligheid voor zuurstof van de laatste kunnen verklaren. De functie van het HypX eiwit 

inn de biosynthese is blijkbaar het inbouwen van dit specifieke CN' ligand aan het Ni ion. 

Hett regulerend hydrogenase (RH), ook afkomstig van R. eutropha, wordt beschreven in hoofdstuk 6. 

Dee functie van het RH is het afgeven van een signaal in aanwezigheid van lage concentraties H2. 

Uiteindelijkk leidt dit tot de transcriptie van de enzymen die Hz kunnen oxideren. Door dit mechanisme 

kann de bacterie haar metabolisme aanpassen aan veranderende omstandigheden. In dit hoofdstuk 

wordenn de zuivering en karakterisering van het RH beschreven. FTIR- en EPR-metingen toonden aan 

datt het aktief centrum van het RH lijk t op dat van standaard hydrogenasen. Desalniettemin wordt het 

RHH niet geremd in zijn werking door 02 of CO. UV-Vis metingen lieten zien dat H, binding aan het 

aktieff  centrum een absorptietoename in het gebied van 240 tot 400 nm tot gevolg had. Vooralsnog 

133 3 



HoofdstukHoofdstuk acht 

wordtt deze observatie toegeschreven aan de reductie van een niet nader geïdentificeerde cofactor die 

eenn rol zou spelen bij de doorgifte van het signaal. 

Inn het laatste hoofdstuk, hoofdstuk 7, wordt de rol van de hyp genen in de biosvnthese van het RH van 

R.R. eutropha bestudeerd. De biosvnthese van hydrogenasen is een complex proces waarbij een aantal 

componentenn betrokken is. Aangetoond werd dat de regulerende activiteit van het RH nauwelijks 

afnamm wanneer hypA, hypB, hypC ofhypX werden verwijderd. Als hypD en hypE verwijderd werden 

namm de regulerende activiteit iets meer af. Een deletie in het hypF gen resulteerde echter in een 90% 

afnamee van de regulerende activiteit van het RH. FTIR metingen aan extracten die het RH in een 

verhoogdee hoeveelheid aanmaakten, toonden aan dat in dit geval alle Hyp eiwitten, behalve HypX, 

noodzakelijkk waren voor een correcte assemblage van het actief centrum. Dit resultaat is in 

overeenstemmingg met de resultaten zoals die eerder beschreven werden in hoofdstuk 5. Hieruit bleek 

datt HypX een rol speelt bij het inbouwen van een extra CN' ligand in het actief centrum van het SH, 

eenn ligand dat niet aanwezig is in het aktief centrum van het RH. 
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omm met iemand als Siem Albracht samen te kunnen werken. Te pas en te onpas kwam hij  met de meest orginele 
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hoogleraarr  benoemd. Beste Ron, ook al ben je officieel aangesteld bij  Organische Chemie, ik denk dat je met je 
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Dee leden van mijn promotie comissie: Barbel Friedrich, Fred Hagen, Klaas Hellingwerf en Karel van Dam, 
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Sciencee is very much an international kind of enterprise, as it should be. I was lucky to work in an open group 

withh lots of co-operations around the world. Probably the most intense collaboration was with the group of 

prof.. Friedrich from the Humboldt University in Berlin. We often met, either  in Amsterdam or  Berlin, but also 

att  international conferences all over  Europe. Besides these meetings, I especially enjoyed working with Thorsten 

Buhrkee and Michael Bernhard. You were both involved in the work on Ralstonia eutropha presented in this 

thesis.. At meetings and conferences, there were always discussions of all kinds during the Nachsitzungvnih 

Oliverr  Lenz, Tanja Burgdorf, Christian Massanz and Antj e Porthun. Thanks. 

II  would also like to express my gratitude to the people from the group of Steve Cramer from the University of 

California ,, especially Tobias Funk, with whom I worked at beam line 4,0.2. Also Pieter  Glatzel (good luck in 

Utrecht!) ,, Daulat Patil (thank you for  your  hospitality during my first  days in Berkeley), Hongxin Wang and 
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jee later in de bioenergetica meer van je gading vond, zette je je eerste schreden op het pad van de spectroscopie 
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Bonnie,, leefzuske, dank je dat je straks naast me wil staan. Arun, chemicus tegen wil en dank en vriend, sinds de 
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