Pedro Jorge Aralljo Alves da Silva

| SOLATION AND CHARACTERIZATION OF ENZYMES
INVOLVED IN THE HYDROGEN METABOLISM FROM

PYROCOCCUSFURIOSUS

Dissertacao submetida a Faculdade de Ciéncias da Univer sidade do Porto

para obtencdo do grau de Doutor em Quimica

Departamento de Quimica
Faculdade de Ciéncias da Univer sddade do Porto
2000






AGRADECIMENTOS

Ao Departamento de Quimica da Faculdade de Ciéncias da Universidade do
Porto por me ter aceite como aluno de Doutoramento.

A Fundacdo para a Ciéncia e Tecnologia a concessdo de uma Bolsa de
Doutoramento.

Ao Prof. Baltazar de Castro, meu orientador, que me prop0s a realizacdo de um
Doutoramento no seu grupo de investigacao.

To the Department of Biochemistry of the Wageningen Agricultural University
(the Netherlands) and to the Department of Enzymology of the Technical University of
Delft (the Netherlands) for accepting me as a visiting graduate student.

To Prof. Dr. Fred Hagen, my co-supervisor, for supporting my research, for the
long and fruitful lab-talks for the EPR lessons, for the Friday afternoon “evaluation
meetings’ (aka borrels) and for so much more....From Fred | have probably learned far
more than | am aware of, and | am very glad | had the chance to work with him.

To Hans Wassink, for al the times he left his experiments to assist me in my
research, the many activity measurements in cell extracts he performed for me, for the
kind gifts of P. furiosus POR and ferredoxin, etc. But above all for his friendship and
support.

To every one ese in the Department of Biochemistry at the WAU, especially to
my colleagues in lab 2, Peter-Leon, Eyke, Petra, Juul, Ilse, Marielle, Maria Jodo and
Bart for providing a wonderful working environment. A specia “thank you” to Maria
Jodo Amorim and Peter-Leon Hagedoorn for the work they performed in the SUDH part
of the project and to Eyke van den Ban for the continuous supply of inocula and for her
assistance in the research described in the first sections of chapter 6.

To Huub Haaaker, for his interest and creative ideas, which formed the basis of

the research described in the first sections of chapter 6.



To Alfons Stams, for alowing me to use his labs in the Department of
Microbiology of the Wageningen Agricultural University when the Department of
Biochemistry was closed due to asbestos contamination.

To Frank de Bok and Caroline Plugge, who were always available to help me
during my short stay in the Department of Microbiology.

To Frank T. Robb, for checking the accuracy of the P. furiosus genome data.

Aos colegas de laboratorio na Faculdade de Ciéncias da Universidade do Porto,
pela amizade e pelo bom humor.

Ao Stéphane Besson, pela amizade e pela traducéo do resumo para Francés.

Um obrigado muito especial aos meus pais, irmao, sogros e restante familia, pelo
apoio incondicional, pela amizade e pelo amor.

E principamente a Dora, pelo incentivo constante, pelas boas ideias, por me
obrigar a superar-me, e acima de tudo pelo Amor. A ela, e a nossa filha Sofia, dedico

esta tese e todas as alegrias e dores da sua elaboracéo. Por vOs tudo vale a penal

Pedro Silva



RESUMO

Maet al.(Maet al. (1994) FEMS Microbiol. Lett. 122: 245-250) sugeriram que
no organismo hipertermofilico Pyrococcus furiosus a eliminacdo de equivalentes

redutores através da producdo de H, seguia a sequéncia:
fermentagdo - ferredoxina—=> FNOR(SUDH) = NADPH - sulfidrogenase > H* [1]

O presente trabalho descreve a investigagdo individual das enzimas envolvidas
neste processo (SUDH e sulfidrogenase) e o estudo das actividades fisiologicas em
extractos celulares. Os resultados obtidos fornecem uma nova visdo do metabolismo do
H> neste organismo.

A sulfidrogenase de Pyrococcus furiosus € um complexo heterotetramérico com
actividades de hidrogenase e de redutase de enxofre. Além de um agregado dinuclear de
NiFe, prevé-se que contenha uma molécula de FAD e seis agregados de ferro-enxofre.
Ao contrario de relatos anteriores, parece cumprir principalmente um papel de absorcdo
de H,. Incubacéo a 80°C provoca uma auto-reducdo espontanea da sulfidrogenase. Este
fendbmeno permitiu pela primeira vez a observagdo por ressonancia paramagnética
electronica do centro de NiFe de uma hidrogenase hipertermofilica. Esta atravessa um
conjunto de estados, alguns dos quais sdo semelhantes a estados observados
anteriormente em hidrogenases mesofilicas. A complexidade das transi¢des observadas
reflecte uma combinagdo de activacdo e potenciais redox dependentes da temperatura.
Apenas trés sinais de Fe/S sao observados por RPE ap6s reducdo por ditionito, NADPH
ou pelo redutor interno apds aquecimento. Provavelmente todos os outros agregados
possuem potenciais de reducdo bastante inferiores ao do par H'/H.

A desidrogenase do sulfureto (SuDH) € uma proteina heterodimérica que contém
duas moléculas de FAD, um agregado [3Fe-45]™?, um agregado [4Fe-45]?*") e um
agregado [2Fe-25]?*1")  Este exibe valores de g e potencial de reducéo semelhantes aos
de agregados do tipo Rieske. No entanto, uma analise comparativa das sequéncias das
subunidades revela que este agregado € coordenado por um novo motivo contendo um
Asp etrés Cys. O centro 3Fe possui um potencial de reducdo invulgarmente elevado e o
centro 4Fe ndo pode ser reduzido com ditionito; pode no entanto ser reduzido
facilmente pelo NADPH.
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A comparacdo das actividades da hidrogenase solUvel e da desidrogenase do
sulfureto com a actividade da glicdlise em extractos celulares mostra que a via
metabdlica proposta [1] ndo € suficientemente activa para eliminar os equivalentes de
reducdo produzidos pela fermentagdo. Descobriu-se porém que as membranas do P.
furiosus podem produzir K utilizando a ferredoxina [4Fe-4S] solivel como dador de
electrdes. Esta actividade esta também presente numa proteina membranar solubilizada
e purificada em condi¢cbes suaves. Esta hidrogenase membranar tem propriedades
invulgares: é bastante resistente a inibicdo pelo monoxido de carbono e apresenta uma
razéo de producdo de H/ oxidacdo de H extremamente elevada em comparagdo com
outras hidrogenases. A actividade da enzima € sensivel a inibicdo pela
dicicloexilcarbodiimida, um inibidor da desidrogenase | do NADH (presente em
mitocOndrias) 0 que sugere que esta proteina esta envolvida na transocacéo de protoes.
A descoberta desta hidrogenase membranar levou a elaboracéo de um novo modelo do
metabolismo do H, em P. furiosus. Segundo este modelo, a ferredoxina reduzida
produzida pelo catabolismo transfere os seus electrfes a hidrogenase membranar, que
reduz protbes a H,, provavelmente como parte de um processo de conservagdo de
energia. A via metabdlica proposta por Ma et al. podera funcionar como uma “véavula
de seguranca’ para eliminar o excesso de equivalentes de reducdo sob a forma de H;
por outro lado, a sulfidrogenase pode utilizar o H, para reduzir NADP®, fornecendo
assm uma fonte suplementar de NADPH para 0s processos anabolicos.

O genoma também possui uma segunda (hipotética) hidrogenase membranar
com um motivo de ligagdo ao centro NiFe bastante invulgar. Estes dois tipos de
hidrogenase membranar assemelhamse mais a proteinas envolvidas em processos
respiratérios do que a outras hidrogenases. Uma analise cuidadosa das suas sequéncias
de aminoacidos permitiu a descoberta de motivos conservados especificos que poderdo
ser usados para evitar erros de identificacdo em projectos de anotagdo automatica de
genomas. Uma andlise semelhante efectuada em sulfidrogenases sugere que os
potenciais de reducdo de alguns agregados Fe-S poderdo ser dependentes do pH, o que
poderia permitir uma melhor regulacéo da actividade da proteina, e poderia explicar a

indetectabilidade de alguns destes centros por ressonancia paramagnética el ectronica.
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ABSTRACT

The disposal of reducing equivalents through H, production in the
hyperthermophile Pyrococcus furiosus has been proposed by Ma et al.(Maet al. (1994)
FEMSMicrobiol. Lett. 122: 245-250) to follow the sequence:

fermentation = ferredoxin & FNOR(SuDH) - NADPH - sulfhydrogenase > H' [1]

The present work describes the individual investigation of the enzymes involved
in this pathway (SuDH and sulfhydrogenase), as well as of the physiological activities
in cell extracts. The results obtained afford several new insights on the H, metabolism
in this organism.

The sulfhydrogenase complex of Pyrococcus furiosus is a heterotetramer with
both hydrogenase activity and sulfur reductase activity. Besides the dinuclear Ni-Fe
cluster, it is predicted to carry one FAD and six [Fe-§] clusters. Contrary to previous
reports, the sulfhydrogenase appears to fulfill primarily a Hy-uptake role. Upon
incubation at 80°C sulfhydrogenase spontaneously self-reduces. This phenomenon
allows for the first time the EPR-monitoring of the NiFe center in a hyperthermophilic
hydrogenase, which passes through a number of states some of which are smilar to
states previousy observed for mesophilic hydrogenases. The complexity of the
observed transitions reflects a combination of temperature-dependent activation and
reduction potentials. Only three Fe/S signals are observed in EPR-monitored reduction
by dithionite, NADPH or interna substrate upon heating. All other clusters presumably
have reduction potentials well below that of the H"/H, couple.

Sulfide dehydrogenase, a heterodimeric protein, carries two FAD, a [3Fe-
48]0 a [4Fe-45]%"1 cluster and a [2Fe-2S]®" prosthetic group. The latter
exhibits EPR gvalues and reduction potential similar to those of Rieske-type clusters,
however, a comparative sequence analysis indicates that this cluster is coordinated by a

novel motif of one Asp and three Cys ligands. The 3Fe cluster has an unusualy high
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reduction potential and the 4Fe cluster cannot be reduced with sodium dithionite; it is
however readily reduced with NADPH.

Comparison of the activities of soluble hydrogenase and sulfide dehydrogenase
with that of glycolysis in cell extracts shows that the proposed pathway [1] is not
sufficiently active to dispose of the reducing equivalents produced during fermentation.
However, P. furiosus membranes were found to be able to produce H, using the soluble
[4Fe-4S] ferredoxin as electron donor. This activity is retained in an extracted
membrane protein when solubilized and purified under mild conditions. The properties
of this membrane-bound hydrogenase are unique: it is rather resistant to inhibition by
carbon monoxide and it exhibits also an extremely high ratio of H evolution to H
uptake activity when compared with other hydrogenases. The activity is sensitive to
inhibition by dicyclohexylcarbodiimide, an inhibitor of mitochondriad NADH
dehydrogenase |, suggesting a proton-translocating role for this protein. The discovery
of this membrane-bound hydrogenase prompted the formulation of a new model of H,
metabolism in P. furiosus. According to this model, reduced ferredoxin produced by the
catabolism transfers its electrons to the membrane-bound hydrogenase, which reduces
protons to H presumably in an energy-conserving process. The pathway proposed by
Ma et al. could function as a safety valve for the disposal of excess reducing equivalents
as H,. Besides, sulfhydrogenase can use H to reduce NADP?, thus providing an extra
source of NADPH for anabolic processes.

The genome aso includes a putative second membrane-bound hydrogenase with
a highly unusual binding motif for the Ni-Fe-cluster in the large hydrogenase subunit.
Both types of membrane-bound hydrogenases are more similar to proteins involved in
respiratory processes than to other hydrogenases. Careful analysis of their aminoacid
sequences alowed the discovery of specific conserved motifs that may be used to
prevent misidentification in automatic genome annotation projects. Similar analysis,
performed in sulfhydrogenases, suggests a pH-dependence of some cluster’s redox
potentials, which may provide better regulation of the protein activity, as well as

explaining the undetectability of some Fe-S centers by electron paramagnetic resonance.



RESUME

Ma et al.(Ma et al. (1994) FEMS Microbiol. Lett. 122: 245-250) ont proposé
que, chez I'hyperthermophile Pyrococcus furiosus, I'élimination des équivalents
réducteurs par production de H, suit la séquence suivante:

fermentation - ferrédoxine > FNOR(SUDH) - NADPH - sulfhidrogénase > H* [1]

Ce travail décrit I'étude individuelle des enzymes impliquées dans cette voie
métabolique (SUDH et sulfhidrogénase), et auss |’étude des activités physiologiques
dans des extraits cellulaires. Les résultats obtenus révelent de nombreuses et nouvelles
facettes du métabolisme de H, chez cet organisme.

Le complexe sulfhidrogénase de Pyrococcus furiosus est un hétérotétramere
possédant & la fois une activité hidrogénase et soufre réductase. A part le centre
binucléaire Ni-Fe, il est supposé contenir un FAD et six centres [Fe-S]. Contrairement a
ce qui a été publié antérieurement, la sulfhidrogénase semble remplir principalement un
réle dans |’absortion de H. Au cours d une incubation a 80 °C, la sulfhidrogénase
S autoréduit spontanément. Ce phénomene permet pour la premiére fois I’ observation
par RPE du centre NiFe d une hidrogénase hyperthermophile, qui passe par différent
stades, certains étant similaires a des stades observés auparavant chez les hidrogénases
mésophiles. La complexité des transitions observées reflet une combinaison de
I”activation et de potentiels de réduction dépendantes de la température. Trois signaux
Fe/S seulement sont observés par RPE au cours d’ une reduction par le dithionite, par
NADPH ou par le substrat interne pendat le chauffage. Touts les autres centres sont
supposés avoir des potentiels de réduction trés en dessous du potentiel du couple H'/H..

La Soufre déshidrogénase (SUDH), une protéine hétérodimérique, posséde deux
FAD, un [3Fe-4S)™9 un [4Fe-45]?") et un groupement prosthétique [2Fe-25] ¢+,
Ce dernier présente des valeurs de g de RPE et un potentiel de réduction similaires a
ceux des centres de type Rieske; cependant, une analyse comparée des séquences
indique que ce centre est coordoné par un nouveau motif avec un Asp et trois Cys
comme ligands. Le centre 3Fe posséde un potential de réduction inhabituellement éevé
et le centre 4Fe ne peut pas étre réduit avec le dithionite; il est néamoins trés bien réduit
par le NADPH.



La comparaison des activités de |'hidrogénase soluble et de la soufre
deshidrogénase avec |’ activité de la glicolyse dans des extraits cellulaires démontre que
la voie métabolique proposée [1] n'est pas suffisament active pour éliminer les
équivalents réducteurs produits au cours de la fermentation. Cependat, il a été découvert
gue les membranes de P. furiosus puvaient produire H, en utilisant la ferrédoxine [4Fe-
4S] soluble comme donneur d'éectrons. Cette activité est aussi présente dans une
protéine membranaire extraite lorsqu'elle est solubilisée et purifiée selon méthodes
douces. Les propriétés de cette hidrogénase membranaire sont uniques: elle est assez
résistante a I'inhibition par le monoxyde de carbone et présente un rapport H,
produit/H, consommé extrémement élevé par comparaison avec d autres hidrogénases.
L’ activité est sensible a I’inhibition par le dicycloexylcarbodiimide, un inhibiteur de la
NADH dehidrogénase | mitochondriale, ce qui suggere que cette proteine joue un réle
dans la trandation des protons. La découverte de cette hidrogénase membranaire
entraina la formulation d’ un nouveau modéle de métabolisme du H chez P. furiosus.
D’aprés ce modéle, la ferrédoxine réduite produite par le catabolisme transfere ses
électrons a |’ hidrogénase membranaire, qui réduit des protons en Hy, probablement dans
le cadre d’un processus conservateur d énergie. La voie métabolique proposee par Ma et
al. pourrait fonctionner comme valve de sécurité pour éiminer |'excés d équivaents
réducteurs sous la forme de H. Par ailleurs, la sulfidrogénase peut utiliser le H, pour
réduire le NADP”, fournissant ainsi une source supplémentaire de NADPH pour les
processus anaboliques.

Le génome contient également une hypothétique seconde hidrogénase
membranaire avec un motif de liaison de centre Ni-Fe trés inhabituel dans la grande
sous-unité de I’hidrogénase. Ces deux types d hidrogénase membranaire sont plus
proches de protéines impliquées dans des processus respiratoires que des autres
hidrogénases. Une analyse méticuleuse de leurs sequences d aminoacides a permis la
découverte de motifs conservés spécifiques qui pourraient étre utilisés pour éviter une
mauvaise identification dans le cadre de projets d annotation automatique de genome.
Une analyse similaire, effectué sur des sulfhidrogénases, suggere la dépendance vis-a
vis du pH des potentiels rédox de certains centres [Fe-S], ce qui permettrait une
meilleure régulation de I’ activité de la protéineet pourrait expliquer aussi le caractére
indétectable de certains centres Fe-S par résonance paramagnétique électronique.



Xi

TABLE OF CONTENTS

A GRADE CIMENT OS ettt ettt eae e eeaea e e e tea e reaeasaseaenrearnreaereeearneearnreararens 1
RESUM O, .ttt e et et e e e e e e e e e e e e e e e e e e e e e e rea e enens \Y;
A B ST R A CT ettt ettt e e et e e et e et e e e e e e eeeaeea e e e e rn e e rnseanreenreaerneearnrearnren VII
(=1 LY 1 =TT I X
T ABLE OF CONTENT Sttt ettt ettt eseeeaseeeasneea e sea e reeearesearnseaenreaenreeenrneenens Xl
INDEX OF FIGURES. .. e ettie ettt et ettt e e e e e e e e e e e e e e e e e r e e e e rnaenens XV
[N DEX OF T ABLES . et ttetteeete et e et eee e esea e e e e e seaenseaeasnseaenseaenreaearnaens XVIII
LI ST OF ABBREVIATIONS. . ettt ettt ettt e et e e eaeraeereeearnseaenseaeseaensnrenes XIX
OUTLINE OF THE THESI Souttntttieeeeee et eeeaeeae s eeeeaeeesaeeneensensesenseaseaeneenss XXI
THE METABOLISM OF PYROCOCCUSFURIOSUS.....cuiviieieeeieeeeaeneenenne 1

1.1 THE METABOLISM OF CARBOHYDRATES. . .cevueieeeeteeeeeeeeeteeseeaeseenasseessensssennssennnees 3
1.2 THE FATE OF THE REDUCING EQUIVALENTS ... e e e s e e n e e s e en e 9
1.2.1 Reduction of elemental SUITUL .........oooeeeeeeeeee et eeee e e e e e e e 10
1.2.2 FOrmation Of @lanNiNe.......oooeeeeeee oot e e e e e e e e e e teeeeeeeeaeeeeeenann 12
1.2.3 Proton reduCtION tO Ho......coiiieiieiei et e e s 13
THE MOLECULAR BASISOF HYDROGEN METABOLISM .evvvvveeienennn, 17

2.1 ECOLOGICAL FLUXES OF H2 ............................................................................... 19
2.2 TYPESOF HYDROGENASES ....vveeteeeteeeeseeeeeeseeeseesseesesessesssssesesesssssessseessessseseesees 20
2.2.1 Catalytic PropertieSin COmMMON ........cccevererenereneneseseeee e 21

2.3 HYDROGENASES CONTAINING ONLY |RON-SULFUR CLUSTERS .....uovvveeeeeeeiennens 22

2.4 NICKEL-CONTAINING HYDROGENASES......ccctteeitreesreeesreeesssesssssesssssessnsenesnsenesns 26



Xii

241 EPR SDECITOSCOPY ..eeiuveeeiieieiiieisieeesteessisesssssesssssesssssesssaessnsessnseessnsesssssens 30
2.4.2 X-ray absorption SPECIOSCOPY.....veireerreeeerreeiresreesseereseesseessesseesseessesseessens 33
2.4.3 Fourier Transform Infra Red SPeCtrOSCOPY .....ccvvevveervereesieeiieieesreeieeseennens 35
2.5 CATALYTIC MECHANISM OF [NIFE] HYDROGENASES .....ccctrurueertenereneeneneenesennes 36
251 El€CtrON tranSIEr .....cc.ooiiiiieeeieeieeee et 36
2.5.2 Hydrogen aCtiVatiON...........cccereeeereerieriesiesiesie s 37
2.6 POTENTIAL APPLICATIONS OF HY DROGENASE ......ccutiurteuirteienesieestenesessesessenennenes 40
MATERIALSAND METHODS.......cciiiiiiiiiiininnrner e 43
3.1 GROWTH OF ORGANISM ...cveuiiereeeteesensesessesessesessssessssesessesessssesssessssssessssenssseses 45
32 CELL LY SIS i iiiitieitie et e st e sttt s me e st m e smn e e ne e s s e e ene e nan e e ne e e nne e ne e nnne e 45
3.3 ISOLATION OF MEMBRANES......c.citsttereeueresteereeseseesesessenessesesesseessensssssesessenssseses 47
3.4  PREPARATION OF CELL EXTRACTS . ..cctsueutrerteereeseseesesessesessesesessesessessssssesessenssseses 47
3.5 PROTEIN PURIFICATION ...ctiuiietiesteseseesessssesessssessssesessesessesesessessssessssssesessenssseses 47
3.5.1 The soluble sulfhydrogenase I..........ccccveeeiieiecie s 47
3.5.2 SQuUlfide dehydrogenase.........cceieveeieeie s 48
3.5.3 Partial purification of the membrane-bound hydrogenase. ............c........... 49
354 FOITEUOXIN. ...ttt et n e n 49
3.5.5 Pyruvate: ferredoxin oXidoreduCtase...........ccceveereeeeeseeseeie e s e 50
3.0 ASSAY S et e e e e Re e et e e aRe e ereeebe e e reenneeeare e e 50
3.6.1 Hydrogen producCtion ..........cccecceeiieiieesie e e 50
3.6.1.1 Sensitivity tOINNIDITOrS .......ccccueeccicrircce e 50
3.6.1.2 Hy producCtion frOM PYFUVELE........ccreerrierreeeirieeereisesisesi st ssese s ses s sessssenns 51
3.6.2 Hydrogen UPLAKE..........ooereruirieieiesie et 51
3.6.3  SUlfide denydrogenase. ........ccerererierierierierie st 52
3.7  PROTEIN DETERMINATION ....ctttttrtenertetesesteessesessssesessesessesesessesessesessssesessenssneses 52
3.8 |RON DETERMINATION WITH FERENE ......cututertrueneruerereeseseesesesseessesesessesessenesenses 54
3.9 FLAVIN EXTRACTION AND CHARACTERIZATION ....cueirverereeserenseeneesesensenensenesennes 55
3.10 ANAEROBIC OXIDATION OF SULFHYDROGENASE .......ccuttrteuererieerteneseseenesseneseenes 56
3.11 PREPARATION OF SAMPLESFOR EPR.....coiiiiiiiece e 56

3.12 MEDIATED REDOX TITRATIONS. ...ccveeeiteeeeuteeeeeeeessseeessseessseeesseeesnsesesseessnsessanns 57



Xiii

3.13 EPR SPECTROSCOPY ....cooeiiieeeeeeeeeeee ettt ettt 57
3. 14 SEQUENCE ANALY SIS . uiiiiiiiiteieeiiiieiesseiseessssisesesssssssssssssssssssssssssssssssssssessssseseses 58
3,15 PROTEIN ANALY SIS, oiitiitteeeeeeeeeeeeesssssessssssssssssssssssssssssssssssssssssssssssssssmsmsssssssrsmme 59
I LS I €= I =T 0 1 1 N LT 62

THE SOLUBLE SULFHYDROGENASE | ...uiiiiiiiieiiiii e 63
4.1 REPORTED PROPERTIES OF PYROCOCCUSFURIOSUS SULFHYDROGENASE ........... 64

4.2 DERIVATION OF PROSTHETIC GROUP STRUCTURES FROM SEQUENCE ANALYSIS . 65

4.3  CATALYTIC PROPERTIES ...evvvteeeeeeessesseesesssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 71
4.4 EPR MEASUREMENTS ...oiiiiieieee ettt ettt ettt e ee e e e e et e e s e s e s e s e e e s e se s s s e s e sesesasesesnsnns 74
45 REDUCTION WITH NADPH ...ttt s s s e e e s e esaan s e s esanenes 82
4.6 REDOX TITRATION AT PHYSIOLOGICAL TEMPERATURES. ....ooovieeeeeeeee e 83
4.7 T-JUMP EXPERIMENTS. ..cettttttteeeeseesssesesssessssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 85

THE SULFIDE DEHYDROGENASE ....ccvvtiiittiieieeeeieeeaieeeetsessaeesannnes 89
51 BACKGROUND .....coiiiiiieie ettt ettt ettt ettt e e e s e e e s e s e s e s e s e s e s e s e s e s e s e s s s e seaans 91
5.2 THEPRIMARY STRUCTURE OF SUDH TRANSLATED FROM THE GENOME............. 92

5.3 CHARACTERIZATION OF PROSTHETIC GROUPS THROUGH SEQUENCE

COMPARISONS. ...euiiitiiiii it e e e s e s e s s e e ranes 94

5.4 |SOENZYMESOF SULFIDEDEHYDROGENASE AND SULFHYDROGENASE............... 98
55 CHEMICAL ANALYSISAND ACTIVITY OF SUDH ....oooiiiiiiiee e, 100
5.6 EPRMONITORED REDOX TITRATION OF THE FE/S CLUSTERS......cccoveiieeeveenen. 101
O.7  DISCUSSION .eiiiitiiieiiiiieeessiieeesssteee e s ssseeesssssseessssssaeesssssseeassnsseeessasseeessnssenenns 105
THE MEMBRANE-BOUND HYDROGENASE.......c.coovviiiieieeenieeeeeenann, 111
6.1 THE CURRENT MODEL OF HYDROGEN PRODUCTION BY P. FURIOSUS................ 113

6.2 KINETICS OF SOLUBLE SULFHYDROGENASE | AND OF SULFIDE
DEHYDROGENASE | ..iiitiiiiiiiesitisesitee s siiee sttt st e s ne e nnnessnaessneeenns 114
6.3 WHOLE CELL ACETATE FERMENTATION AND ACTIVITIESIN Ho METABOLISM .. 116

6.4 MEMBRANE-BOUND HYDROGENASE ACTIVITY. cuveueveereeeceeterssssisessessessssseneenns 118
B.5  PURIFICATION w..cuvviiicectete e esesesessses st s ss s ssbe st s s st s ss s sssese s s s naesnas 120
6.6  SEQUENCE ANALYSES ....cocuevieieeereeeesessssssaetesesssessssesesssssssssesessssssssesssssssssssesns 122
6.7 DESCRIPTION OF THE MBH GENE PRODUCTS. .....cururvteeeressetesssssssssssssssssensenns 126

6.8  N-TERMINAL SEQUENCING «..veveveeeeretseeseeesreesssesessseessseesesessessssssssessssesesssessns 130



Xiv

(SR I = VA4 Y [/ 0 c) 7N 131
6.9.1 GeENEral ProPErtiES .....ooviieirieeieeieeee e 131
6.9.2 COINNIDITION. ...eccivvieciiee ettt e sbe e e e re e e eareeeenns 132

6.10 INHIBITIONBY DCCD. ....cccttieei ittt ettt eerree et e e nare e e s enre e e s s ennneeeen 133

6.11 EPR SPECTROSCOPY. ....ocveeeeceetereisssesesesssssssssesesssassssssessssssssssssesssssssssesssasnns 135

6.12 A PUTATIVE FOURTH HYD ROGENASE IN P. FURIOSUS ...ccoeiiiiiitirieeeeie e 137

B.13  DISCUSSION ...cciicuurirrieeeeseiiiiiirreeeeeeesesasisrsseeesessseiassssssesesssssasssssssseesesssssnsssssens 138

THE MOLECULARDIVERSITY OF HYDROGENASES........cccvvueeeeennnn. 143

7.1 THERELEVANCE OF SEQUENCE COMPARISONS.......cooiiiiiiiiiieieieieeeeeeeeeee e 145

7.2 PHYLOGENETIC RELATIONSHIPS BETWEEN THE SELECTED HYDROGENASES...... 146

7.3  NAD-LINKED HYDROGENASES.......coiiiiiiiiiiieeeeeee ettt ettt ettt ettt ettt 150

T4 SULFHYDROGENASES .. ..ottt i it iit ettt ettt ettt ettt ettt ettt e et e et e e e e e e e e e e e e e e e raraeaeas 153

7.5  F40-NON-REDUCING HYDROGENASES ......coiiiiiiiiiiiieieeeeeeeee ettt 157

7.6  Fs00-REDUCING HY DROGENASES ....ccitittteeeseiseeessaisseessaaseeessssseesssssssesssssssesssas 160

7.7 COMPLEX MEMBRANE-BOUND HYDROGENASES ......uutteriieeeiiiissrreeresesesssnsssnens 163

7.8 ATYPICAL HYDROGENASES (MBXJFROM P. FURIOSUS AND HOMOLOGUES)..... 166

7.9 DISCUSSION ..covvieeeceeeetessesessetetesesessssesesesssssesesesasassssssesesssessssssesasssnsssssesasnas 170

CONCLUSIONS ...t eiettieeeeerteeeeerteeeeestaaeeeestaeeeessaeesessaeeeessaneeeenns 171

8.1  SULFHYDROGENASE.......cciiiiiiiie ettt ettt 173

8.2  SULFIDEDEHYDROGENASE .....coiiiiiiiieeeeeeeeeeeee ettt ettt ettt 174

8.3 THEPATHWAY OF HYDROGEN EVOLUTION FROM REDUCED FERREDOXIN........ 175

8.4 INSIGHTSFROM SEQUENCE COMPARISONS ....cccuviiiriieireiesreessresesresssssesssssenens 177

REFERENCES .. ..ottt ee et e et e e e et e e e e e e e e et e e s e enan e 179

A SHORT PRIMER ON SEQUENCE COMPARISONS......ccvurevereenreenneenns 203



INDEX OF FIGURES

Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4
Figure 1.5
Figure 2.1

Figure 2.2
Figure 2.3
Figure2.4
Figure 2.5
Figure 2.6
Figure 4.1
Figure 4.2
Figure 4.3
Figure4.4
Figure 4.5
Figure 4.6
Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Electron micrograph of PYroCOCCUSfUNIOSUS........ccvvvreeiiiiieeeeiieeeessieeee e eiieee e 3
Glucose degradation to trioses in P. fUriOSUS. ........ccocveiiiiiiiniie e 5
Degradation of triosesto pyruvate in P. fUrioSUS..........cccevieeiiieeiniee e 7
Metabolism of pyruvatein P. fUriOSUS...........cooeeiiiieiiiieeriee e 8

Proposed model for the transfer of eectrons from ferredoxin to sulfhydrogenase. 15
X-Ray crystal structure (at 1.8 A resolution) of the (probably oxidized or "resting")

Fe-only hydrogenase | (Cpl) from C. pasteurianum ...........cceeeveeeeeiiveeeesnineeen 23
X-Ray crystal structure (at 1.6 A resolution) of the (probably reduced or
"turnover") Fe-only hydrogenase (DdH) from D. desulfuricans ..............ccceenn. 23

X-Ray crystal structure (at 2.45 A resolution) of the oxidized periplasmic NiFe

hydrogenase from D. QIgas ........ooociiiiieiiee e 27
X-Ray crystal structure (at 1.8 A resolution) of the reduced NiFe hydrogenase from
D.vulgariS MIYazaKi F .........ooooiiiiiie et 27

Functional relationships between the different states of [NiFe] hydrogenases. .....33
Photobiological production of Hydrogen............ccoeeeeiieeiniee e 40
Analysis of cluster-coordinating segments of P. furiosus hydrogenase subunits. ..66
Proposed arrangement of the redox centers in the four subunits of the
sulfhydrogenase from P. fUFrTOSUS .........ccuvvieieee e 69

Temperature dependence of the H, uptake activity of P. furiosus

SUITRYArOgENEASE........eeieiiiiie ettt e e e e enreeeeanns 71
Eyring plot of the H,-uptake reaction catalyzed by sulfhydrogenase.................... 73
Effects of activation on the activities of sulfhydrogenase.............cccceeviieeiiienne 74
EPR spectrum of the flavin radical present in sulfhydrogenase.............cccccuvee... 75
Time course of the evolution of the redox states of the sulfhydrogenase upon
WaIMING 10 B0 OC. .. ..eeiieeeeiieie ettt e e e e e sne e e e e nnnneee s 76
Evolution of the Fe-S redox states of the sulfhydrogenase upon warming to
B0 O, ittt a e ettt e eae e e beeeRee e bt e aneeabeeareeenneeas 77

resti ng)
)

EPR spectra of sulfhydrogenase after warming to 80 °C for 1 minute (Ni-Ox
10 minutes (Ni-Ox"" %), 90 minutes (Ni-C) and 120 minutes followed by a 1.5

low T

minutes incubation at room temperature (Ni-Ox°" ') and their smulations.. ........ 79

low T

EPR spectra of sulfhydrogenase taken to the Ni-Ox
incubated anaerobically at 80 °C for variable lengths of time.. ............cccveveenee. 81

state and subsequently



Figure 4.11 EPR spectrum and simulation of sulfhydrogenase after incubation with NADPH
(0.7 MM) @t ro0mM tEMPEFBLUIE.. ......eeeeeiieiieie ettt 82

Figure 4.12 The NiFe cyclein mesophilic hydrogenase ..........ccccevvveeeeiiiieee e 86

Figure 4.13 TheNiFecyclein P. furiosus hydrogenase. ...........ccccveveee v, 86

Figure 5.1

Figure 5.2
Figure 5.3
Figure 5.4
Figure 5.5
Figure 5.6

Figure 6.1

Figure 6.2

Primary sequence of SudB and SudA, the b- and a-subunits of sulfide
dehydrogenase as trandated from two contiguous open reading frames in the
0ENOME OF P. FUFTOSUS ...eeiiiiieiiiie et 93
Sequence comparisons of iron-sulfur cluster binding motifs in P. furiosus sulfide
(00 01Y0 (070 < 7= S SRR 95
Putative operon context for five Hyd-G like proteinsin P. furiosus. .................... 9
EPR spectroscopy of iron-sulfur clustersin P. furiosus sulfide dehydrogenase... 102
EPR-monitored redox titrations of iron-sulfur clusters in P. furiosus sulfide
(012 01Y 0 (00 = gT= S TP 104
A graphical comparison of prosthetic-group binding motifs in SUDH and in two
different flavo-iron-sulfur protein 'superfamilies..............ccccvveeeeeeee i, 107
Reduction of NADP" by the joint activities of sulfhydrogenase | and the
membrane-bound Nydrogenase. ..........cceeveeiiiie i 118
NADPH production by the joint activities of sulfhydrogenase | and the membrane-
bound Ny drogenase. ..........cooiiiiiiiii i 119

Figure 6.3 lon-exchange chromatography of solubilized membrane proteins on a Source Q

Figure 6.4
Figure 6.5
Figure 6.6
Figure 6.7
Figure 6.8
Figure 6.9

Figure 6.10
Figure 6.11

Organization of the putative operons in the genome of P. furiosus containing the
genes that encode the membrane-bound hydrogenase and its “mirror” complex. 122

Ribosome-binding regions preceding the openreading frames in the mbh

(007 (o) o PP PT PP 124
Ribosome-binding regions preceding the openreading frames in the mbx
(0]0.< (0] R 125
Sequence comparisons of iron-sulfur cluster binding motifs in P. furiosus
membrane-bound hydrogenase “small” subunit. ............ccccceeeviiine e, 127
Amino acid sequences of the Mbh JKLMN subunits. .........ccocceeiiieeiiieeneeenne 128
H, evolution from ferredoxin-reduced Mbh-core complex. .........cccoccvvveeiinnnn. 132
Effect of DCCD on the H,-evolution activity in P. furiosus membranes............ 133
EPR spectrum of dithionite-reduced Mbh hydrogenase core complex from P.

L{8 101 U ST 135



XVili

Figure 6.12

Figure 6.13
Figure 7.1

Figure 7.2

Figure7.3
Figure7.4
Figure 7.5
Figure 7.6
Figure 7.7
Figure 7.8
Figure 7.9
Figure 7.10
Figure 7.11

Figure 7.12

Figure 7.13

Figure 7.14

Sequence comparisons of the NiFe cluster binding motifs in P. furiosus
membrane-bound hydrogenase “large” subunit MbhL and in MbxL with the well-
characterized Ni-Fe binding motifs in Ni-Fe hydrogenase “large’ subunits........ 137

A working hypothesis of H,-metabolism in P. furiosus.........ccccceeeeeviicviiienennn. 141
Phylogenetic tree of the sequences of the snall subunits of the hydrogenases
StUdied INtNISWOTK. .....cciiiiie e 148
Phylogenetic tree of the sequences of the large subunits of the hydrogenases
SUAIEA TN TNISWOIK. ...t e e e e e enes 149
Multiple alignment of small subunits of NAD-linked hydrogenases. ................. 151
Multiple aignment of large subunits of NAD-linked hydrogenases. .................. 152
Multiple aignment of "small" subunits of sulf hydrogenases..............ccccvveeeee... 14
Multiple aignment of "large" subunits of sulfhydrogenases. .........cccccccvveeeenneee. 157
Multiple aignment of small subunits of F4»0-non-reducing hydrogenases. ......... 158
Multiple alignment of large subunits of F,,0-non-reducing hydrogenases........... 158
Multiple alignment of small subunits of F45-reducing hydrogenases................. 161
Multiple alignment of large subunits of F4,0-reducing hydrogenases.................. 162

Multiple aignment of small subunits of complex membrane-bound
NYArOgENASES. ... .eeeiee ettt e s e e e nre e e aan 163
Multiple dignment of "large® subunits of complex membrane-bound
NYOrOQENGSES.. ....ceieeee ettt 165
Multiple aignment of "small" subunits of atypica membrane-bound
1Y 0[]0 1< 7= S SRR 167
Multiple alignment of "large® subunits of atypica membrane-bound
NYArOgENASES. . ... veeiee it e e e e e eeeeaae 168



Xviii

INDEX OF TABLES

Table3.1
Table 3.2
Table 3.3
Table 3.4
Table 3.5
Table4.1
Table 6.1

Table 6.2

Table 6.3
Table 6.4

Growth medium COMPOSITION. .......vviieeiiiiiee e 46
Trace elements Solution COMPOSITION. ........coviiiiriiieiiiee e 46
Vitamins SolUtion COMPOSITION. ......coiuviiiiiieeiiie e 46
Running gel composition. Volumes are shown for a5 mL mini-gdl. .................... 61
Stacking gel composition. Volumes are shown for fa5 mL minkgd. .................. 61
Simulation parameters of Ni-EPR signals from P. furiosus sulfhydrogenase. ...... 84
Reactivity of purified sulfide dehydrogenase and sulfhydrogenase with different

€lectron donors and BCCEPLONS. . .......eeeiieee et 115
Comparison of whole cell acetate formation with cell-free extract activities of
enzymes involved in the H,-metabolism at 80 °C...........ccceeiiiieiiieeiieeee, 117
Purification of the membrane-bound hydrogenase from P. furiosus. ................. 120
Predicted properties of the subunits of the membrane-bound hydrogenase from P.
TUPTOSUS. ..ttt e e e e et e e e et e e e anne e e e e nnnneeeeans 123



XiX

L1ST OF ABBREVIATIONS

AegA

ASR
ADP
AMP
ATP
AsB
BV
CAPS
CoASH
DCCD
DEAE
DHOD
DOC
DPD
EPPS
EPR
FazoH2

FAD
Fd
Fdox
Fdred
FNOR
FTIR

Expression product of aegA, an anaerobicaly expressed gene of

Escherichia coli with unknown function

Assimilatory sulfite reductase

Adenosine diphosphate

Adenosine monophosphate

Adenosine triphosphate

b-subunit of assimilatory sulfite reductase

Benzyl viologen

(3[cyclohexylamino]- 1- propanesul fonic acid)
Coenzyme A

N, N’-dicyclohexylcarbodiimide

Diethylaminoethyl

Dihydroorotate dehydrogenase

Sodium deoxycholate

Dihydropyrimidine dehydrogenase
N-[2-hydroxyethyl]-piperazine- N ¢ 3- propanesul fonic acid]
Electron paramagnetic resonance
(N-L-lactyl-g-L-glutamyl)-L-glutamic  acid  phosphodiester  of
didemethyl-8- hydroxy-5-deazariboflavin-5'-phosphate
Flavin adenine dinucleotide

Ferredoxin

Oxidized form of P. furiosus ferredoxin

Reduced form of P. furiosus ferredoxin
Ferredoxin:NADP" oxidoreductase

Fourier transformed infrared spectroscopy

7,8-



GAPDH
GAPOR
GlitS
GOGAT
Hoase
HydG
Km

MV
MV
NAD"
NADH
NADP*
NADPH
nuo
ORF

pl

PMS

PVDF
RBS

SHyase

SudA
SudB
SubDH
Vmax

Gauss (0.1 mT)

Glyceradehyde- 3-P dehydrogenase

Glycera dehyde- 3-P:ferredoxin oxidoreductase

Glutamate synthase

Glutamine oxoglutarate aminotransferase (° glutamate synthase)
Hydrogenase

Hydrogenase g-subunit

Michaelis constant

Methyl viologen

Methyl viologen semiquinone

Nicotinamide adenine dinucleotide (oxidized form)
Nicotinamide adenine dinucleotide (reduced form)
Nicotinamide adenine dinucleotide phosphate (oxidized form)
Nicotinamide adenine dinucleotide phosphate (reduced form)
NA DH:ubiquinone oxidoreductase

Open Reading Frame

| soelectric point

Phenazine methosulfate

Pyruvate:ferredoxin oxidoreductase

Polyvinylidenefluoride

Ribosome binding site

Sulfhydrogenase

Standard Hydrogen Electrode

a-subunit of SUDH

b-subunit of SUDH

Sulfide dehydrogenase

Rate of reaction at infinite concentration of substrate



OUTLINE OF THE THESIS

P. furiosus grows near 100°C by fermentation of carbohydrates (Fiala and
Stetter, 1986) through a modified EmbdenMeyerhoff pathway, producing acetate,
aanine, CO; and H, (Kengen and Stams, 1994). Two H-producing enzymes were
known in this organism: sulfhydrogenase | (Bryant and Adams, 1989) and
sulfhydrogenase Il (Ma et al., 2000). During metabolism of carbohydrates and amino
acids, reducing equivalents are transferred to an iron-sulfur protein, ferredoxin. The
oxidized form of ferredoxin must be regenerated in order to sustain the continuing
operation of these metabolic pathways. However, the sulfhydrogenases from P. furiosus
cannot use reduced ferredoxin as an electron donor, which prevents them from directly
disposing of the reducing equivalents produced by the metabolism of P. furiosus.
Instead, they are able to oxidize NADPH to NADP* with concomitant production of H,
(Ma et al., 2000; Ma et al., 1994). It was therefore suggested that these reducing
equivalents may be transferred to NADP™ (thus generating NADPH) by the sulfide
dehydrogenase, which can aso function as a ferredoxin:NADP" oxidoreductase (Ma et
al., 1994). The produced NADPH will be used to reduce hydrogenase. It has been
shown that the reduction, catalyzed by enzymes, of protons to Hy by pyridine
nucleotides is possible only when the partial pressure of H, is kept below 0.1 kPa
(Schink, 1997; Stams, 1994). P. furiosus is however able to grow under H;
accumulating conditions (pH, » 30 kPa) (Fiala and Stetter, 1986).

In order to understand the pathway of electron disposal in P. furiosus each of the
enzymes involved (sulfide dehydrogenase and sulfhydrogenase) was purified and
characterized. The physiological activities of these proteins in cell extracts were also
investigated. The results of this study are described in this thesis.

Chapter 1 introduces the organism studied, the archaeon Pyrococcus furiosus.
Its primary metabolism is explained, and the pathways proposed for disposal of
reducing equivalents are described.

Chapter 2 reviews the current knowledge on the physiological functions,
structure, redox properties and spectroscopic characterization of hydrogenases. This
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class of proteins is proposed to play a major role in the maintenance of the redox
equilibriumin P. furiosus.

Chapter 3 describes the methods used to study the enzymes involved in the
pathway of hydrogen evolution in P. furiosus.

Chapter 4 presents the results of kinetic and spectroscopic characterization of
the soluble sulfhydrogenase | of P. furiosus. The first [NiFe] EPR signals in a
hyperthermophilic hydrogenase are described. The electronic environment of the active
site cluster is shown to be significantly different from that of hydrogenases isolated
from mesophilic organisms. The protein is dso shown to be more active in the H,-
uptake than in the H, evolution reaction, in contrast to previous reports.

Chapter 5 describes the results of sequence analysis and redox characterization
of sulfide dehydrogenase (SuDH). The protein contains three [Fe-S] clusters with
uncommon redox behavior, one of which is a [2Fe-2S] cluster with novel Asp(Cys)s
coordination.

In Chapter 6 the physiological activities of SUDH and sulfhydrogenase are
investigated. The partial purification of a membrane-bound hydrogenase and subsequent
characterization are also described. The results obtained alow the formulation of a
novel mechanism of H, evolution by P. furiosus

In Chapter 7 the sequences of several soluble and membrane-bound
hydrogenases are compared. Specific motifs allowing their classification are presented.
Some of these motifs suggest that the potentials from some of the Fe-S clusters may be
pH-dependent.

In Chapter 8 the more important results of the thesis are reviewed and some
unsolved problems are briefly addressed.

Chapter 9 lists the bibliographical references.

Sequence comparisons have been used throughout the thesis to gather new
insights on the proteins studied. Such comparisons are usualy performed semi-
automatically, and the theoretical basis of the process is often absent from
biochemically-oriented texts. Therefore, a short introduction into the mathematical basis

of sequence comparisons has been provided asafinal Appendix.
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11 THE METABOLISM OF CARBOHYDRATES

Pyrococcus furiosus is a member of the Domain Archaea originaly isolated
anaerobically from geothermally heated marine sediments with temperatures between
90 °C and 100 °C collected at the beach of Porto Levante, Vulcano Island, Italy (Fiala
and Stetter, 1986). It appears as mostly regular cocci of 0.8 mm to 1.5 nm diameter with
monopolar polytrichous flagellation (Figure 1.1). It grows between 70 °C and 103 °C,
with an optimum temperature of 100 °C, and between pH 5 and 9 (with an optimum at
pH 7). It grows well on yeast extract, maltose, cellobiose, b-glucans, starch, and protein
sources (tryptone, peptone, casein and meat extracts). Growth is very slow, or non
existent, on amino acids, organic acids, alcohols, and most carbohydrates (including

glucose, fructose, lactose and galactose).

Figure 1.1 Electron micrograph of Pyrococcus furiosus showing monopolar polytrichous flagellation.

(taken from www.bi ol ogie.uni-regensburg.de/Microbi o/ Stetter/)
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The ability to grow on polysaccharides (maltose, cellobiose, starch) but not on
the monomeric sugars suggests that oligosaccharides with various degrees of
polymerization may be imported into the cell, and only subsequently hydrolyzed to
glucose.

The main fermentation products of maltose are acetate, CO,, H, and alanine. As
the H partial pressure increases more pyruvate is transformed in alanine instead of
being oxidized to acetate and producing ATP (Kengen et al., 1994). At high partial
pressures of H, no growth is observed (Fiala and Stetter, 1986). However if there is
elementa sulfur in the medium growth is observed even a very high H, partia
pressures and HS is formed instead of H, (Fiala and Stetter, 1986). This has been
proposed to be either a means of removing the growth-inhibiting excess H, or an
energy-conserving process (Schicho et al., 1993).

The activity of several of the enzymes involved in the conventional glucose
degradation pathways was found to be very low or nonexistent in P. furiosus, which
led to the suggestion that glucose originated from the hydrolysis of maltose is degraded
to pyruvate via a modified non-phosphorylating Entner-Doudoroff —pathway,
"pyroglycolysis’, without the intervention of nucleotide-dependent enzymes (Mukund
and Adams, 1991; Schiffer and Schonheit, 1992) In this pathway a key role was fulfilled
by a tungstendependent aldehyde oxidoreductase (Mukund and Adams, 1991).
Additional studies (Kengen et al., 1994; Schaffer et al., 1994) showed that the actual
pathway is a variation of the conventiond EmbdenMeyerhoff pathway. A magor
difference resides in the nucleotides used in the initial steps of the pathway: in P. furiosus
glucose and fructose-6-phosphate ae phosphorylated by ADP instead of ATP (Figure
1.2) (Kengen et al., 1994). The free energy change in ADP hydrolysis is about the
same as in ATP hydrolysis (Voet and Voet, 1990), but ADP is probably more stable
than ATP at higher temperatures and therefore the ATP produced during catabolism
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Glucose |< | >|
ATP —~
ADP MP

O3 POL
Glucose-6-P | <: |>
2-
P
Os OCH2 o
Fructose-6-P '§ | $ﬁ|
ATP —~ ADP

ADP « AMP

04° PO.

Fructose-1,6-P q
OP03

/" N\
032'PO/\H/\OH - Osz—PO/\ﬁo

0 OH

Dihydroxyacetone-P Glyceraldehyde-3-P

Figure 1.2 Glucose degradation to trioses in P. furiosus Dashed arrows show the reactions where the

conventional Embden-Meyerhoff pathway differs from the P. furiosusone.
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may be deliberately converted to ADP by an adenylate kinase reaction (ATP
+AMP¢ ADP +ADP). However, since ATP-dependent hexose-kinases are present in
other hyperthermophiles (Desulfurococcus, Thermoproteus and Thermotoga (Selig
et al., 1997)), the optimal growth temperature of which is lower by only 5-15 °C, factors
other than temperature might be responsible for this unusual nucleotide specificity
[ibidem].

Another magjor difference in the P. furiosus pathway is the glyceradehyde-3-
phosphate:ferredoxin oxidoreductase (GAPOR) bypass (Figure 1.3). In the conventional
Embden-Meyerhoff pathway glyceraldehyde-3-phosphate is oxidized to 3-
phosphoglycerate in two steps. Glyceradehyde-3-phosphate is first oxidized by
glyceraldehyde-3-phosphate dehydrogenase to 1,3-bisphosphoglycerate. The high
energy phosphate in 1,3-bisphosphoglycerate is afterwards transferred to ADP by a
phosphoglycerate kinase, yielding one ATP molecule and one 3-phosphoglycerate
molecule as fina products. However in P. furiosus both proteins involved in this
process (glycera dehyde-3- phosphate dehydrogenase and phosphoglycerate kinase) have
been shown to have a low activity in the glycolytic direction under norma growth
conditions (Kengen et al., 1994; Schéaffer and Schonheit, 1993), and to be induced up to
10-fold during growth on pyruvate, suggesting they function primarily in
gluconeogenesis (Schaffer and Schonheit, 1993). Instead, P. furiosus contains a
glyceraldehyde- 3-phosphate: ferredoxin oxidoreductase (GAPOR) (Mukund and Adams,
1995). The fina product of the oxidation of GAP by GAPOR has not been determined,
but is believed to be 3phosphoglycerate (and not 1,3-bisphosphoglycerate, as in the
standard pathway).
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Figure 1.3 Degradation of trioses to pyruvate in P. furiosus. Dashed arrows show the reactions where

the conventional Embden-M eyerhoff pathway differs from the P. furiosusone.
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This pathway yields 2 ATP molecules and 4 reducing equivaents for each
glucose molecule metabolized to pyruvate (assuming that ADP is readily available from
anabolic processes). Additional energy and reducing equivalents may be produced from
pyruvate, as depicted inFigure 1.4. Two enzymes are involved in this process. a
pyruvate:ferredoxin oxidoreductase (POR) and a novel acetyl-CoA synthetase (ADP-
forming) (Schaffer and Schonheit, 1991). Pyruvate:ferredoxin oxidoreductase has been
purified to homogeneity and shown to be a thiamin pyrophosphate-containing iron
sulfur enzyme. (Blamey and Adams, 1993). In the absence of ferredoxin, however, POR
decarboxylates pyruvate to acetaldehyde (Ma et al., 1997), which can not be used to

produce ATP.
O
YJ\OH Pyruvate
0]
2 Fd,y
CO,
2 Fdreq CoASH ——
CO,

S

Acetyl-CoA \[]/ ~Coa \rr H
© O
ADP
Acetaldehyde

\» CoASH

ATP

OH
Acetate \"/

O

Figure 1.4 Metabolism of pyruvate inP. furiosus
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Acetyl-CoA synthetase (ADP-forming) catalyzes the one-step formation of
acetate from acetyl-CoA and concomitant ATP synthesis. The oxidation of one
molecule of glucose to two molecules of acetate and two molecules of CO, in P.
furiosus therefore yields 4 molecules of ATP and the reduction of 8 ferredoxin
molecules. The concerted action of these two enzymes allows growth of P. furiosus on
pyruvate as sole energy source (Schaffer and Schonheit, 1991).

Two digtinct isoenzymes of Acetyl-CoA synthetase (ADP-forming) have been
isolated from P. furiosus (Mai and Adams, 1996b). Both appear to be feterotetramers
(azby) of two different subunits of 45 (a) and 23 (b) kDa. One of them, termed acetyl-
CoA synthetase I, uses acetyl-CoA and isobutyryl-CoA, but not indoleacetyl-CoA or
phenylacetyl-CoA, while the other utilizes al four CoA derivatives. This alows
generation of ATP from a wide range of 2-ketoacids (e.g. the 2-ketoacids produced by

the transamination of amino acids).

1.2 THE FATE OF THE REDUCING EQUIVALENTS

Besides POR and GAPOR P. furiosus contains severa other ferredoxin-linked
oxidoreductases, and those oxidizing adehydes (Mukund and Adams, 1991),
formaldehyde (Mukund and Adams, 1993), and several 2-ketoacids (indolepyruvate
(Ma and Adams, 1994), 2-ketoglutarate (Adams, 1993; Ma and Adams, 1996a) and 2-
ketoisovalerate (Heider et al., 1996)) have been purified and suggested to play arolein
amino acid fermentation. Both glycolysis and peptide fermentation therefore generate
reduced ferredoxin. However, the sustained operation of glycolysis requires an influx of
oxidized ferredoxin. Regeneration of oxidized ferredoxin is assumed to be
accomplished by three mechanisms: either by S reduction to HS, by the formation of

alanine, or by proton reduction to Ho.
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1.2.1 Reduction of elemental sulfur

Biomass yield of P. furiosus is larger when the organism is grown in the
presence of S. Under these conditions H,S is produced rather than H,. Since growth is
inhibited under high H, partial pressures, S reduction (with H as electron doror) has
been suggested to be a means of detoxification (Fiala and Stetter, 1986). However, it
has been reported that the onset of growth inhibition by H, occurred at relatively high
H, concentrations (0.40 atm), suggesting that in the conditions used growth was
unaffected by moderate concentrations of H, even in the absence of elemental sulfur
(Schicho et al., 1993). The same authors also observed that growth yields in the
presence of sulfur can be almost twice as large as the ones obtained with physical
removal of H, in the absence of elemental sulfur, showing that the effect of S° is not due
to alowering of the H, concentration. These results suggest either that S° reduction is an
energy-conserving process, or that S facilitates a process that would otherwise require
energy. Schicho et al. also reported that neither the sulfur reductase activity nor the
hydrogenase activity (the enzyme responsible for disposing of excess reductant in the
absence of S — see below) appear to be induced by the addition of <°.

Chemolithotrophic archaea, such as Pyrodictium, utilize the redox couples H*/H>
and S%H,S in an energy yielding reaction. Pyrodictium brockii, an obligate sulfur-
reducing species that grows at 105 °C, has been shown to possess a primitive
membrane-bound electron transport chain for coupling H oxidation and S reduction
(Pihl et al., 1992). The chain contained a hydrogenase (Pihl and Maier, 1991), a
cytochrome, and a novel quinone. The S’-reducing entity was not purified. A sulfur-
reducing complex proposed to contain the entire electron chain required for the
reduction of S° to H,S (including a hydrogenase, a sulfur reductase and electron
transferring components) has been successfully purified from the membranes of a

related species, Pyrodictium abyssi (Dirmeier et al., 1998). The occurrence of these
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respiratory proteins in the membranes of Pyrodictium species presumably allow the

resulting pH gradient and membrane potertial generated across the membrane to be

used in ATP production by an ATP synthase, as in mitochondrial O, respiration (V oet

and Voet, 1990). A similar mechanism may occur in the mesophilic bacterium

Wolinella succinogenes, which grows on formate using S as electron acceptor using a

membrane-bound polysulfide reductase, a molybdoenzyme consisting of three subunits

(Kraft et al., 1992).

Several enzymes that catalyze the reduction of sulfur and polysulfides have since

been isolated from cell extracts of P. furiosus:

Sulfide dehydrogenase (SUDH) catalyses the reduction of polysulfidesto H,S
using NADPH as electron donor (Ma and Adams, 1994). SuDH is aso a
ferredoxin-NADP" oxidoreductase (FNOR) (Maand Adams, 1994; Ma et al.,
1994). The heterodimer $>52+29 kDa) was found to contain approximately
11 iron atoms and approximately two flavins. The flavins are presumably
FAD because 3.2 P per ab-dimer were found in plasma emission analysis.
EPR spectroscopic analysis was interpreted in terms of one [3Fe-4S] cluster
and three additional Fe/S clusters with an S=1/2 signal in the reduced state
i. e. 2Fe and/or 4Fe clusters. N-termina amino-acid sequences were also
determined for each subunit.

Sulfhydrogenases | (Bryant and Adams, 1989) and Il (Ma et al., 2000) can
reduce both S° and polysulfides to H,S using H, as electron donor.
Surprisingly, H seems to supply only the electrons needed to reduce sulfur.
The protons released in H,S seem to originate from solvent water, rather than
from H, (Kim et al., 1999). Both sulfhydrogenases consist of four subunits

and contain Ni and ironsulfur clusters (Bryant and Adams, 1989; Ma et al.,
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2000) and FAD (see chapter 4.2). These proteins are further described in
section 1.2.3-Proton reduction to H, (pg. 13).

In contrast to Pyrodictium and Wolinella succinogenes, sulfur-reducing proteins
in P. furiosus are cytoplasmic instead of membrane-bound, which does not alow a
straightforward energy-conservation mechanism. It is thought that § reduction may
increase the ratio of oxidized to reduced electron carriers, thereby favoring the oxidative
rather than the nonoxidative decarboxylation of the 2-ketoacids produced by glycolysis

and amino acid transamination (Maet al., 1997).

1.2.2 Formation of alanine

The second aternative, formation of alanine, is found when P. furiosus is grown
in the absence of S . In addition to acetate, a significant amount of alanine is excreted
into the medium (Kengen and Stams, 1994; Schéffer et al., 1994). The amount of
alanine produced varies, with an increase in the H, partial pressure resulting in an
increase in the amount of aanine produced. The transamination of pyruvate with
glutamate (1) by the action of an alanine aminotransferase (AlaAT) has been detected in

cell extracts of P. furiosus (Kengen and Stams, 1994).

pyruvate + glutamate ¢ a -ketoglutarate + alanine (@D}

Glutamate must be replenished through the action of the NADP-dependent
glutamate dehydrogenase (GDH) and this replenishment should accomplish the removal
of electrons. Glutamate dehydrogenase from P. furiosus has been purified (Consalvi et

al., 1991; Robb et al., 1992) and shown to be very abundant, especially in cells grown
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on yeast extract (Consalvi et al., 1991). The exact role of glutamate dehydrogenase in
the metabolism of P. furiosus is disputed, since it may function both in catabolism and
in anabolism, respectively through glutamate degradation to a-ketoglutarate (Robb et
al., 1992) or through ammonia assimilation by the reverse reaction (Consalvi et al.,

1991):

glutamate + NAD(P)" +H" ¢ a-ketoglutarate + NH;" + NAD(P)H  (2)

The necessary NADPH can be generated by the transfer of reducing equivalents
from reduced ferredoxin to NADP" by the ferredoxin: NADP" oxidoreductase activity
of the sulfide dehydrogenase (Maet al., 1994).

The alanine aminotransferase has recently been purified and characterized (Ward
et al., 2000). The kex /Km values for aanine and pyruvate formation were 41 and 33 s*
mM ", respectively, suggesting that the enzyme is not biased toward either the formation
of pyruvate, or alanine. It can thus act in a dua role, generating either pyruvate from
alanine during peptide fermentation or alanine from pyruvate when an additional
electron sink is needed. Both the aat gene (encoding the alanine aminotransferase) and
gdh (encoding the glutamate dehydrogenase) trarscripts appear to be coregulated at the
transcriptional level, which is in good agreement with these enzymes acting in a

concerted manner to form an electron sink in P. furiosus (Ward et al., 2000).

1.2.3 Proton reduction to H»

As mentioned before, in the absence of elemental sulfur H, is produced by
cultures of P. furiosus. Two soluble hydrogen metabolizing enzymes (hydrogenases)

have been purified from this organism (Bryant and Adams, 1989; Maet al., 2000) and
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shown to possess also sulfur reductase activity (Ma et al., 1993; Ma et al., 2000). Both
proteins are therefore also referred to as " sulfhydrogenases’.

They consist of four subunits, but their arrangement seems to differ:
sulfhydrogenase | (H-1) is a heterotetramer (abgd), but sulfhydrogenase Il (H-I11) has
been proposed to be a dimer of heterotetramers (@bgd),. The structural genes of each
sulfhydrogenase are organized in a single transcription unit with reading direction bgda .
The d and a subunits are homologous to the small and large subunits of mesophilic
NiFe hydrogenases, and the b and g subunits show similarity to the a and b subunits of
the anaerobic, NADH-linked, a bg sulfite reductase from Salmonella typhimurium (Ma
et al., 2000; Pedroni et al., 1995).

Both proteins have a high iron-sulfur content (Arendsen et al., 1995; Bryant and
Adams, 1989). They also contain nickel. However, so far only three EPR signals were
found in sulfhydrogenase I: a rhombic signal, attributed to a [4Fe-4S] cluster with a
reduction potential By, 7.5 =-90 mV, an axia signa arising from a [2Fe-25] cluster with
reduction potential En, 75=-303 mV, and a broad signal, possibly caused by interaction
of the cluster that gives rise to the rhombic signa and another (fast-relaxing)
paramagnet that becomes detectable upon reduction with B, 75 =- 310 mV (Arendsen
et al., 1995). The same signals (and no others) have also been found in sulfhydrogenase
Il (Ma et al., 2000). No nickel signals have been found in redox studies at ambient
temperature (Arendsen et al., 1995; Bryant and Adams, 1989; Ma et al., 2000) but an
EPR signal reminiscent of the NiC signal was claimed in thus far unpublished work to
be detectable after incubation of the sulfhydrogenase | at 80 °C and poising the redox
potential at approximately -0.3V (Adams, 1992).

The two hydrogenases of P. furiosus seem to differ primarily in their relative
catalytic activities. HI1 is approximately an order of magnitude less active than H1 in
H,-production, Hp-uptake and S-reduction assays (Ma et al., 2000). Both proteins can

use NADPH as an electron donor for the reduction of protons to H and polysulfide to
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H,S. H-11 can aso use NADH to reduce polysulfides. They seem to have a preference
for sulfide production (from polysulfide) rather than H, production: adding polysulfide
to an assay vessdl containing NADPH and hydrogenase increased the rate of NADPH
oxidation and reduced H, production. The two enzymes are present in the cytoplasm at
roughly similar concentrations, and the authors concluded that they may serve different
functions. Since H-11 has a higher affinity for both S and polysulfides in the standard
assays, the authors proposed that this enzyme becomes physiologically relevant at low
S concentrations. H-1 would then function primarily in H evolution from NADPH, a

reaction in which it is about 60 times more efficient than H-11.
Pyr Fd, e NADPH

POR SuDH SH,ase

AcCoA Fdox NADP’

Figure 1.5 Proposed model for the transfer of electrons from ferredoxin to sulfhydrogenase.

The reducing equivalents from glycolysis are stored in the ferredoxin. The
sulfhydrogenases, however, cannot use ferredoxin as an electron donor (Ma et al., 2000;
Ma et al., 1994), contrary to what was initially believed (Bryant and Adams, 1989).
Later this idea was rejected in favor of a concerted model in which the sulfide
dehydrogenase (SUDH) (which also has ferredoxin: NADP" oxidoreductase activity)
catalyzes the transfer of electrons from the reduced ferredoxin to NADP'.
Sulfhydrogenase would then use the NADPH generated in this reaction to reduce
protons to H, (Maet al., 1994). The net result of this soluble electrontransfer chain is
thus evolution of H, from ferredoxin, thus regenerating the oxidized form of the

ferredoxin.
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2.1 ECOLOGICAL FLUXES OF H,

Molecular hydrogen is an important intermediate in the degradation of organic
matter by microorganisms in anaerobic environments such as freshwater and marine
sediments, wet land soils, and the gastrointestinal tract of animals. Bacteria living in
such anaerobic environment, using the fermentation of organic substrates for the supply
of energy-rich reducing equivalents often dispose of their excess of electrons by
reducing protons. In some habitats anaerobic protozoa, anaerobic fungi, anaerobically
adapted algae, and/or anaerobic archaea are aso involved. One major source of
reducing equivalents for H, production is pyruvate. Some organisms convert it to
acetyl-CoA and formate, whereupon the latter is decomposed into H, and CO; by the
formate-hydrogen-lyase reaction, in which hydrogenase is involved. Pyruvate can also
be oxidized by the enzyme pyruvate: ferredoxin oxidoreductase. Reduced ferredoxin
then transfers its electrons to a hydrogenase.

The H, generated by these microorganisms is generally consumed by
microorganisms living at the same site, the quantitatively most important H, consumers
in anoxic habitats being methanogenic archaea, acetogenic bacteria, sulfate-reducing
bacteria, and nitrate-reducing bacteria. In order to acquire energy-rich reducing
equivalents, these bacteria have the capacity to oxidized H; to two protons and two

electrons. The standard oxidation-reduction potential of the equilibrium

2H" +2€e ¢ H (1)

is quite low, by definition, <413 mV at pH 7.0, 25 °C and 101.325 kPa (1 atm) of H

pressure. The reducing equivalents obtained in this way enable bacteria to reduce a

variety of substrates, notably CO,, and to generate enough energy for ATP synthesis.
Estimates are that in anaerobic habitats more than 200 million tons of H, are

globaly formed and consumed per year. Despite this high rate the steady state
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concentration of H in most anoxic habitats is very low (1-10 Pa), indicating that H
formation rather than H consumption is the rate-limiting step in the overall process
(Bélaich et al., 1990).

H, is also generated in oxic habitats (e.g. oxic soils and fresh water) by aerobic
and microaerophilic microorganisms as an inevitable side product of dinitrogen fixation
(Burns and Bulen, 1965; Simpson and Burris, 1984). More than 10 million tons of H,
are globally formed associated with this process. The diversion of reducing equivalents
to the production of H reduces the overall efficiency of nitrogen fixation. In most
dinitrogenfixing organisms a hydrogenase recaptures these energy-rich electrons,
preventing larger energy losses. Other microorganisms consuming H in oxic habitats
are the "Knallgas' bacteria (bacteria capable of growing using the "knallgas' reaction—

the reduction of O, by H, — as energy source).

2.2 TYPES OF HY DROGENASES

Hydrogenases are a diverse family of enzymes. A classification of hydrogenases
in two major groups is commonly accepted: irontonly and nickel-iron hydrogenases. Fe-
only hydrogenases contain no metals other than iron, and are usually monomeric
enzymes that catalyze primarily H, evolution (Adams, 1990). Ni-Fe hydrogenases
contain nickel, in addition to Fe-S clusters. They are considerably less active (0.1-0.8
mmol H produced or oxidized/min/mg protein) than Fe-hydrogerases (5-10 mmol H
produced O/min/mg protein; 10-50 mmol H oxidized/min/mg protein) but have a much
higher affinity for H, (Albracht, 1994). Enzymes such as nitrogenase (Burns and Bulen,
1965; Simpson and Burris, 1984) and carbon monoxide dehydrogenase (Menon and
Ragsdale, 1996) catalyze the formation of H, as a side product, and are therefore
referred to as having hydrogenase activity. These latter enzymes will not be considered

in any detail in this introduction.
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The Fe-only and the NiFe hydrogenases have several catalytic properties in
common which will be described first before summarizing what is known about the

structure of these catalysts (Adams, 1990; Albracht, 1994).

2.2.1 Catalytic Propertiesin Common

Both the Fe-only and the NiFe hydrogenases catalyze the reversible conversion
of Hy to two protons and two electrons (reaction 1, pg. 19), the latter being acceptable
by one-electron acceptors such as viologen dyes. Both enzymes catalyze an exchange
between H and protons of water indicative of a ping-pong catalytic mechanism. Single

exchanges (reaction 2) and double exchanges (reaction 3) are simultaneously observed.

Ho+ D" ¢ H*+ HD 2
H2+2D+(; 2H++D2 (3)

Both enzymes aso catalyze the conversion of paraH, (H. with anti-parallel

nuclear spins) and ortho-H, (H, with parallel nuclear spins) (reaction 4).

p-Ha (- ) ¢ o-Ha (- - )(4)

This conversion will not occur in D,O (Krasna and Rittenberg, 1954). Homolytic
cleavage of the H, molecule would inevitably lead to the conversion of p-H, to o-H;
regardless of the nature of the liquid phase, for recombination of atomic hydrogen must
yield normal H, which is an equilibrium mixture of p-H, (25%) and o-H, (75%)
(Farkas, 1936). It is therefore generally admitted that upon binding of H, to Fe-only or
Ni-Fe hydrogenases the hydrogen molecule undergoes a reversible heterolytic cleavage
resulting in a hydride bound to the metal center in the active site. A base nearby the

active site may bind the proton during the catalytic process.
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The activity of both enzymes is competitively inhibited by carbon monoxide
(Albracht, 1994; Thauer et al., 1974). Inhibition by carbon monoxide is relieved during
illumination with near UV/visible light (Albracht, 1994). Competitive inhibition
indicates that binding of carbon monoxide and H, to the enzyme is mutually exclusive
and light reactivation showed thet the binding site is a metal center. Both enzymes
contain at least one [4Fe-49] cluster to which the electrons are transferred from H, and

from which the electrons can be picked up by one-€lectron accepting dyes.

2.3 HYDROGENASES CONTAINING ONLY IRON-SULFUR
CLUSTERS

Fe-only hydrogenases, in which no other metal than Fe can be detected, have
been purified from Acetobacterium woodii, Clostridium pasteurianum, Desulfovibrio
desulfuricans, Desulfovibrio vulgaris, Megasphaera elsdenii, Thermotoga maritima,
and Trichomonas vaginalis. Fe-only hydrogenases contain large amounts of iron,
organized in two kinds of clusters. Most of the iron is found in the form of ferredoxin-
type [4Fe-4S] clusters (the "F" clusters). The remaining Fe comprises a novel type of
Fe-S cluster, termed the "hydrogenase” or "H" cluster (Adams, 1990).

The X-ray structures of two Fe-only hydrogenases have been recently
determined (Nicolet et al., 1999; Peters et al., 1998). It was found that the active site of
Fe-only hydrogenases is composed of a novel cluster that exists as a single [4Fe-4S]
subcluster (which presumably functions in electron transfer) bridged through a cysteine
S to a unigue two-Fe subcluster where the reversible oxidation of hydrogen is supposed
to occur (Figure 2.1 and Figure 2.2). Each of the Fe atoms of this binuclear subcluster is
coordinated by several small diatomic ligands. These have been variously assigned

as CO and CN, based in part on the presence of these ligands in the NiFe hydrogenase
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Figure 2.1 X-Ray crystal structure (at 1.8 A resolution) of the (probably oxidized or "resting”) Fe-only
hydrogenase | (Cpl) from C. pasteurianum (Peters et al., 1998). Iron: orange; Sulfur: yellow; Carbon:
grey; Oxygen: red; Nitrogen: blue.

Figure 2.2 X-Ray crystal structure (at 1.6 A resolution) of the (probably reduced or "turnover") Fe-only
hydrogenase (DdH) from D. desulfuricans (Nicolet et al., 1999). Iron: orange; Sulfur: yellow; Carbon:
grey; Oxygen: red; Nitrogen: blue.
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from D. gigas(Volbedaet al., 1996) and on the results of FTIR studies that indicate that
these ligands are also present in the Fe-only hydrogenases (van der Spek et al., 1996).
The most recent FTIR studies concerning the composition of the diatomic ligands
suggested that both terminal CO and terminal CN™ ligands are bound to Fe and that a
bridging carbon monoxide is present in an oxidized state in anaerobically purified Fe-
only hydrogenase from Desulfovibrio vulgaris prior to reductive activation (Pierik et al.,
1998).

Although the structures of the H clusters of Cpl and DdH are very similar, there
are some interesting differences. The bridging moiety in the H cluster of DdH has been
tentatively assigned as a propane linkage between the S atoms (Nicolet et al., 1999); the
resolution of the X-ray diffraction data used in the Cpl structure determination would
not allow this moiety to be assigned (Peters et al., 1998) but are consistent with such an
assignment (Peters, 1999). A significant difference between the DdH and Cpl H clusters
is the nature of the third bridging ligand of the two Fe atoms. In Cpl, this ligand clearly
refines as a single diatomic ligand (tentatively assigned as CO), whereas in DdH, this
ligand has been assigned as an asymmetrically coordinated water molecule. Another
notable difference between the H cluster structures is the presence of a terminally
coordinated water molecule in Cpl that is absent in DdH. The manner in which the
crystals of Cpl and DdH were obtained is most consistent with the structure of Cpl
representing an oxidized state and that of DdH representing a reduced state. This would
be consistent with a proposed mechanism of reversible hydrogen oxidation involving
displacement of the terminally bound water molecule (Figure 2.1) and a change in the
binding mode of the bridging carbon monoxide molecule from bridging (in the oxidized
state) to terminaly-bound to Fe, in the active state. The recent observation that
exogenous CO (which strongly inhibits the enzyme activity) binds to the reduced
hydrogenase at Fe, at the site of the terminally bound weter (Peters and Lemon, 1999)

further argues in favor of the proposed mechanism.
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2.4 NICKEL-CONTAINING HY DROGENASES

Most hydrogenases contain nickel, as first established by Graf and Thauer in
1981 for the enzyme from Methanobacterium thermoautotrophicum. The purified
enzyme from this methanogenic archaeon was found to harbor one nickel per mole
(Graf and Thauer, 1981) and displays a ssmple rhombic EPR signal (Albracht et al.,
1982) which could be ascribed to nickel by using ®!Ni (a stable isotope with a nuclear
spin of 3/2). Moreover, the signal disappeared upon contact of the enzyme with H,
indicating that the nickel in the enzyme was redox active.

Nickel hydrogenases have been characterized from various organisms. Besides
one nickel they al appeared to contain severa iron atoms, most of the iron being
organized in ironsulfur clusters, at least one having cubane structure. Some NF
containing hydrogenases contain selenium in the form of selenocysteine (He et al.,
1989; Sorgenfrei et al., 1993) and are often called [NiFeSe] hydrogenases. [NiFeSe] are
considerably more active than normal [NiFe]enzymes. The selenocysteine residue in
these hydrogenases replaces the terminal cysteine residue corresponding to Cys 530 of
the D. gigas enzyme in the first coordination sphere of nickel (Fauque et al., 1988). The
Hx/HD ratio measured in the D,-H" exchange reaction also appears to be very different
in the two kinds of enzymes (Teixeiraet al., 1987), and has been interpreted as evidence
of proton binding to this (seleno)cysteine residue upon heterolytic cleavage of H.

Spectroscopic methods (most notably Mdssbauer spectroscopy (Surerus et al.,
1994) and ENDOR (Huyett et al., 1997)) detect the presence of one low-spin
diamagnetic Fe (I1) in close vicinity to the nickel, and in some enzymes its redox state
shuttles between low-spin paramagnetic Fe (I11) and low-spin diamagnetic Fe (I1)
(Surerus et al., 1994) a an E, of approximately +150 mV in the enzyme from
Chromatium vinosum a pH 8.0 (Coremans et al., 1992) and +105 mV in the

hydrogenase from Thiocapsa roseopersicina (Cammack et al., 1989).
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Figure 2.3 X-Ray crystal structure (at 2.45 A resolution) of the oxidized periplasmic NiFe hydrogenase
from D. gigas(Volbedaet al., 1996). Nickel: brown; Iron: orange; Sulfur: yellow; Carbon: grey; Oxygen:
red; Nitrogen: blue.

Figure 24 X-Ray crystal structure (at 1.8 A resolution) of the reduced NiFe hydrogenase from D.
vulgaris Miyazaki F (Higuchi et al., 1999b). Nickel: brown; Iron: orange; Sulfur: yellow; Carbon: grey;
Oxygen: red.
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All Nihydrogenases contain at least a small (around 30 kDa) subunit, which
harbors a variable number of Fe-S clusters, and a larger (around 60 kDa subunit)
subunit where the active site, a cysteine-bridged dinuclear Ni-Fe cluster (Volbedaet al.,
1995), is located. Other subunits may also be present, allowing the hydrogenase to
interact with dedicated electron carriers (NAD®, F4z0, cytochrome b) (Albracht, 1994).

D. gigas hydrogenase, as seen by X-ray crystalography, is a roughly globular
protein with the two subunits interacting extensively. The hydrogen-activating site is
deeply buried inside the protein at about 30 A from the surface. The protein contains
one [3Fe-4S] and two [4Fe-4F] clusters distributed in the small subunit along an amost
straight line, resembling a "conducting wire" between the active site and the protein
surface (Volbedaet al., 1995).

The origina D. gigas NiFe hydrogenase structure showed that the active site
contained besides nickel a second metal bound to three unidentified ligands (Volbeda et
al., 1995). These ligands were tentatively assigned as water molecules. The nickel atom
is bridged to the second metal by a pair of cysteine thiolates (Cys 68 and Cys 533) and a
third unidentified atom (X) with a low atomic number. As a consequence of the short
Ni-X distance (1.7 A), it was postulated that X represents a Ni-oxo group that bridges to
the second metal. The remaining ligands involved in the Ni site are two terminally
bound cysteine thiolates (Cys 65 and Cys 530) (Figure 2.3). The second metal was soon
proved to be aniron atom (Volbedaet al., 1996) and the three ligands were shown to be
small diatomic molecules. In the closely related hydrogenase from D. vulgaris Miyazaki
F these ligands were assigned as one SO, one CO and one CN (see Figure 2.4), based on
a X-ray structure obtained with a higher (1.8 A) resolution (Higuchi et al., 1997).

X-ray structures of [NiFe] hydrogenases in the reduced, active state have also
been published (Garcin et al., 1999; Higuchi et al., 1999b) (Figure 2.4). These show
small, but suggestive, differences compared to the structures of the oxidized, inactive

enzyme. The origina bridging ligand (proposed to be an oxygen (Volbedaet al., 1995)
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or a sulfur (Higuchi et al., 1999a; Higuchi et al., 1997) species) is absent in the reduced
state, consistent with the proposed change of coordination of the active site upon
activation (de Lacey et al., 1997, Gu et al., 1996). The NiFe distance shortens
appreciably upon reduction (from 2.9 A to 2.5-2.6 A), which is consistent with the
presence of a hydride in a bridging position between both metals. In the [NiFeSe]
hydrogenase from Desulfomicrobium baculatum Garcin et al. aso observed higher-
than-average temperature factors for both the active site nickel-selenocysteine ligand
and the neighboring Glul8 residue, suggesting that both these moieties are involved in
proton transfer between the active site and the molecular surface (Garcin et al., 1999).
The 2.54 A resolution structure of NiFe hydrogenase has revealed the existence of
hydrophobic channels connecting the molecular surface to the active site. A
crystallographic analysis of hydrogenase crystals incubated in a xenon atmosphere
together with molecular dynamics simulations of xenon and H, diffusion in the enzyme
interior suggests that these channels may serve as pathways for gas access to the active

ste (Montet et al., 1997).

24.1 EPR Spectroscopy

Most [NiFe] hydrogenases exhibit a number of redox-dependent EPR signals
that exhibit ®Ni hyperfine splitings when the enzyme is isotopically enriched
(Albracht, 1994). The as-isolated oxidized and catalytically inactive enzyme can show
two similar signals, which differ mainly in the position of the gy line: forms A (g » 2.31,
2.23, 2.02) and B (g » 2.34, 2.16, 2.01). Enzyme preparations showing a NiB signal
can be activated by hydrogen within a few minutes. Enzyme molecules showing a NiA
signal can only be fully activated after incubation under hydrogen for severa hours
(Fernandez et al., 1985). Ni-B and NiA forms are therefore also called "ready"

(proposed to be enzyme in the "right" conformation and the "wrong" redox state) and
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"unready" (proposed to be enzyme in the "wrong" conformation and the "wrong" redox
state), respectively. Consistent with the above proposal is the observation by ENDOR
spectroscopy that, contrary to Ni-B, in the Ni-A form the active site is inaccessible to
solvent protons (Fan et al., 1991).

Reductive activation of the enzyme by H, or by low-potential reductants results
in the loss of the EPR signals associated with forms A and B and the appearance of the
EPR signal of form C (g » 2.19, 2.16, 2.02) (Teixeiraet al., 1986; Teixeiraet al., 1983;
Teixeiraet al., 1985). In redox titrations performed at room temperature forms A and B
are in equilibrium with EPR-silent (N+Sl) one-€electron reduction products (Teixeira et
al., 1985). However, if the titration is performed at 2 °C, the reductions of both forms A
and B are seen to from spectroscopically distinct EPR-silent forms (de Lacey et al.,
1997), Sl and Sl;, respectively, that do not interconvert at low temperature (Coremans
et al., 1992). The Sl state cannot be further reduced at 2 °C, whereas the Sl; is reduced
very dowly to form C, via a third EPR-silent form, Sl (Coremans et al., 1992). The
redox potential of this transition is strongly pH-dependent: it decreases 120 mV/pH unit,
corresponding to an increase of the protonation of the active site of two protons by each
electron taken up by the enzyme (Cammack et al., 1987). Under a H, atmosphere, form
C is further reduced to R, the fully reduced EPR silent state of the enzyme (Teixeira et
al., 1985). The reduction of NiC to Ni-R is accompanied by the uptake of one proton
(Cammack et al., 1987).

Ni-C is photochemically labile and can be converted to yet another EPR-active
state, Ni-L, by exposure to light at 77 K (Van der Zwaan et al., 1985). Form C can be
regained by incubating the sample in the dark at 200 K. Since the photoconversion is 6
times dower when performed in D,0O, the authors suggested that light causes the
dissociation of a hydrogen species (H', H' or Hy) from the active site (Van der Zwaan et
al., 1985). At the low temperatures used (typicaly 77 K) the rigidity of the protein

matrix will not allow this hydrogen species to again bind to the active site but would



32 Chapte 2

also prevent it from diffusing away. However, upon increasing the temperature to 200 K
the increased flexibility of the protein would allow the regeneration of the bond.

The presence of hydrogen species close to the active site is expected to cause
splitting or broadening of the signals, due to the hydrogen nucleus spin (I = v2).
However, when NiFe hydrogenases are prepared in DO only a smal (0.5 mT)
sharpening of the NiC signals is observed (Van der Zwaan et al., 1985). ENDOR
spectroscopy reveals weak (10-20 MHz) coupling of two sets of solvent-exchangeable
proton(s) to the electron spin at the active site in NiC, one of which is lost upon
conversion to the NiL form (Whitehead et al., 1993). These data argue against the
presence of an axially bound hydride, since such a hydride causes very large proton
hyperfine couplings ( » 460 MHz (15.0 mT) in the model compound [HNi(CN)4]*
(Symons et al., 1979)). It has also been reported that the orientations of the magnetic
axes of NiC and of the Ni-L species are only dightly different from each other (Dole et
al., 1996). This suggests that the photochemical event does not correspond to a
photolysis of a Ni-(H) bond, since in this case the remova of the (H) ligand would
strongly change the coordination symmetry of the Ni ion and would induce large
rotations of its magnetic axes. Dole et al. suggested that the photolyzable H species
could be bound either to one of the terminal sulfur ligands, or to the iron atom of the Ni
Fe cluster.

A few members of the [NiFe] hydrogenase family do not display the full
complement of these EPR signals, or may be normally isolated in a state that exhibits no
EPR in the g =2 — 2.3 region of the spectrum that are due to the active site, e.g. the
NADH-linked soluble hydrogenase (Erkens et al., 1996; Hornhardt et al., 1986) from

Ralstonia eutropha (previoudly called Alcaligenes eutrophus).
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Activation cycle Catalytic cycle

Figure 25 Functional relationships between the different states of [NiFe] hydrogenases. EPR active
states are shown in italic. Based on (Cammacket al., 1987; de Lacey et al., 1997).

2.4.2 X-ray absor ption spectroscopy

The appearance and disappearance of different Ni signals upon activation of the
enzyme suggested that the formal Ni oxidation state may change from N* to Ni** or
even N (Albracht, 1994). This proposal was questioned when it was observed that the
X-ray absorption edge of the nickel ion in Thiocapsa roseopersicina hydrogenase did
not change significantly when the enzyme was poised in the different redox states of the
nickel (Bagyinkaet al., 1993; Whitehead et al., 1993). Analyses of several other [NiFe]
hydrogenases reveal only a 0.8 — 1.5 eV shift of the Ni edge to lower energies among
any of the characterized redox states (A, B, SI, C and R) indicating at most a one-
electron change in the Ni redox state and strongly challenging the concept that solely
Ni-centered redox chemistry is involved in hydrogenase activation (Gu et al., 1996). For
most hydrogenases studied, the shift to lower energies occurs mainly upon reduction to
the Sl state (~ 0.8 eV) and the edge position changes little upon further reduction to the
C and R states, suggesting that the redox states responsible for Ni-SI ® Ni-C® Ni-R
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interconversions do not involve significant electron density changes at the nickel. Upon
conversion to NiSl, the Ni coordination number was observed to change in al
hydrogenases studied (D. gigas, D. desulfuricans, C. vinosum and R eutropha), except
in that from T. roseopersicina. The nickd site of the latter enzyme also appears to have
a higher proportion of N,O-ligands than Sligands (Bagyinka et al., 1993; Gu et al.,
1996) compared to the other enzymes, which is unexpected due to its high sequence
similarity to them.

More recent XAS studies of the C. vinosum hydrogenase have allowed a more
refined description of the multiple states of the active site (Davidson et al., 2000). A
short NiFO bond is present in the oxidized enzyme (NFA and NiB) and also in the
unready EPR-silent intermediate (NiSl,) but is lost upon conversion to NI-Sl;,
confirming that this change is a feature of the reductive activation of the enzyme. Ni-A,
Ni-B and NSl are five-coordinated, NSl and NiR seem to be four-coordinated and
Ni-C appears to be a six-coordinated species. The formal redox state of the Ni center
appears to oscillate between Ni (I11) in al of the EPR-active states and Ni(I1) in al of
the EPR-silent states. The change in the Ni K-edge energy associated with the Ni
B ® Ni-Sl; is large enough to account for a one-electron redox state change in a Ni
ligand in a covaent ligand environment. The K-edge energy increases withNi-
Sl ® Ni-C reduction, showing that the Ni center loses electron density in the process,
but the magnitude of the change is not enough to be a simple reoxidation of the Ni
center. However, Ni-SI; ® Ni-C reduction seems to be accompanied by a change in
coordination of the active site, and if the effects of geometry/coordination number
change accompanying these conversions are factored in, both the changes in edge
energy of the NiSI; ® Ni-C transition and of the subsequent NFC ® Ni-R reduction
are of sufficient magnitude to account for one-electron redox state changes in the Ni

center.
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2.4.3 Fourier Transform Infra Red Spectroscopy

Infrared spectroscopy can provide information on protein species that are
otherwise spectroscopically silent and is particularly useful when applied in conjunction
with p-acid ligands (CO, RCN, etc.) which have infrared absorbances near 2000 cmit
where few intrinsic protein vibrations occur. Fourier Transform Infra Red (FTIR)
studies of the [NiFe] hydrogenase from C. vinosum revealed the presence of three
absorption bands in the 2100-1900 cmi! spectral region (Bagley et al., 1995; Bagley et
al., 1994). The positions of each of these three infrared absorption bands correspond in
a consistent way to changes in the formal redox state of the active site (from Ni-
A/B® Ni-SI® Ni-C® Ni-R) and to the photodissociation of hydrogen bound to
nickel (Bagley et al., 1995). Sets of three bands of similar frequencies were aso
observed for the different redox states of D. gigas hydrogenase (Volbedaet al., 1996).

FTIR studies of C. vinosum hydrogenase enriched separately with 3C and °N
have allowed the unambiguous identification of the three diatomic Fe ligands found in
D. gigas hydrogenase as two CN molecules and one CO molecule (Pierik et al., 1999).
FTIR spectra of the hydrogenase from D. vulgaris Miyazaki F (which was proposed to
contain one SO, one CO and one CN as ligands to the Fe) are very similar to those
observed with the C. vinosum and D.gigas enzymes (Higuchi et al., 1997).

FTIR-monitored titrations have shown the existence of two forms of NSl
which differ by one proton, suggested to bind to a cysteine ligand (de Lacey et al.,
1997). EPR-monitored titrations (which follow changes at the Ni site) and FTIR-
monitored titrations (which follow the ligands bound to the Fe site) have a very similar
behavior (de Lacey et al., 1997), showing that the redox changes on the Ni site affect
the electron density at the Fe site, even though the Fe atom remains diamagnetic in all

states studied (Huyett et al., 1997).
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2.5 CATALYTIC MECHANISM OF [NIFE] HY DROGENASES

Despite the detailed spectroscopic and structural information available, the
catalytic mechanism of [NiFe] hydrogenases is not yet well understood. The catalytic
cycle involves necessarily several steps of different nature, such as the diffusion and the
heterolytic cleavage of Hy, proton and electron transfers and interactions with redox

partners, ard this complicates any analysis.

2.5.1 Electron transfer

A recent study carried out with the enzyme from Chromatium vinosum has
shown that the H, uptake activity measured by electrochemical techniques is much
higher than that measured using dyes as electron acceptors (Pershad et al., 1999).
Analysis of the kinetic data obtained with the Thiocapsa roseopersicina enzyme (Zorin
et al., 1996) also showed that at pH 7.2 neither diffusion nor heterolytic cleavage of Hy
arerate-limiting in Hy uptake or H, evolution (Bertrand et al., 2000). Those data suggest
that proton uptake and electron transfer are the rate-limiting steps in the H evolution
and the H, uptake, respectively.

The location of the high potential [3Fe-45] cluster between the two low potential
[4Fe-4S] clusters has further complicated analysis by casting doubts on the efficiency of
the electron transfer system in hydrogenase (Volbeda et al., 1995). However, recent
experiments carried out on Desulfovibrio fructosovorans hydrogenase have shown that
converting the central high-potential [3Fe-45] cluster (En=65 mV) into a [4Fe-4]
(Em=-250 mV) causes only moderate changes in both H, uptake and H; evolution
activities (Rousset et al., 1998). Thermodynamic analysis of these data shows that
despite the apparently unfavorable DG values deduced from potentiometric experiments,

the electron transfer between the high-potential central [3Fe-45] cluster and the low-
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potential [4Fe-49] clustersin D. fructosovorans hydrogenase may be fast enough to be
nortlimiting in both H, uptake and H, evolution reactions (Bertrand et al., 2000).

The protein environment may, however, greatly influence the effect of the high
potential of the [3Fe-4S] cluster in the efficiency of electron transfer. For example,
Methanococcus voltae possesses a Fizo-reducing hydrogenase which carries three [4Fe-
4S] clustersin its small subunit, instead of two [4Fe-4S] clusters and one [3Fe-4S]. One
probable cause of this adaptation has recently been uncovered by site-directed
mutagenesis experiments, which have shown that converting the central [4Fe-49]
cluster into a [3Fe-495] cluster increases the redox potential of the central cluster by
about 400 mV and causes a tenfold decrease of H, uptake activity with the natura
electron acceptor Faz (Bingemann and Klein, 2000) turning electron-transfer into a rate-

limiting step.

2.5.2 Hydrogen activation

Uncertainty remains about the nature of the various steps that take place at the
active dite itself. Before the determination of the X-ray structure (and concomitant
discovery of the binuclear nature of the active site) several mechanisms involving a
mononuclear site composed of a nickel atom of unknown coordination were proposed,
often differing in important details, such as the formal Ni redox states or the nature of
the hydrogen species bound to Ni (Cammack et al., 1987; Roberts and Lindahl, 1994;
Teixeraet al., 1989; Van der Zwaanet al., 1985). A model proposing a complex cluster
involving nickel and a putative iron atom was also proposed, based on the detection of
an unknown paramagnet that interacted with the Ni site in C. vinosum hydrogenase
(Albracht, 1994). However, in contrast to some of these hypotheses, which call for up to
four different redox states available for nickel, synthetic compounds are known to

display widely separated Ni(111)/Ni(I1) and Ni(I1)/Ni(I) redox couples. A great deal of
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effort has gone into designing model compounds able to accommodate both redox
transitions within the rather rarrow redox potential range (- 100 mV to —450 mV) found
in hydrogenases (reviewed in (Fontecilla-Camps, 1996)).

The unexpected binuclear nature of the active site implies that a great number of
the results obtained from model chemistry, which were mostly based on mononuclear
nickel compounds cannot be applied to [NiFe] hydrogenases in a straightforward
manner. However, these studies have provided valuable information that can still be
used to evaluate the plausibility of proposed mechanisms. For example, they have
shown that a thiolate-rich environment (like the one seen around the active site) favors
stabilization of the Ni (I11) species, that H binding seems to occur in the equatorial
position and to require S (or Se) ligands in the first coordination sphere of Ni (to act as
bases able to accommodate the proton released in the heterolytic cleavage of H), and
that EPR spectra similar to NFC can originate from either Ni(lll) or Ni(l) species
(Fontecilla-Camps, 1996).

The resolution of the X-ray structure of [NiFe] hydrogenases has sparked a new
round of creative thinking regarding the possible reaction mechanism. Fontecilla-Camps
proposed a catalytic cycle where Fe alternates between Fe (11) and Fe (1) and Ni remains
Ni (1) throughout (Fontecilla- Camps, 1996). Although the Fe atom was soon established
to be redox inactive (Dole et al., 1997; Huyett et al., 1997), it may still play arole in the
activation of hydrogen. Pavlov et al. have used density functional theory to calculate
plausible intermediates of the catalytic cycle, and consistently found that under the
assumptions used (among others, that all species have the same overall charge) H,
initially binds to Fe (Pavlov et al., 1999; Pavliov et al., 1998). A proton is quickly
transferred to one of the bridging Cys residues and the formed hydride then occupies a
bridging position between Fe and Ni. Additional calculations that did not assume
identity of overall charge during the catalytic cycle (Niu et al., 1999) have also

suggested that the Fe center is the initial site of H, activation. Like in Pavlov's
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description the hydride would assume a bridging position between the two metals, but
the proton would be taken up by a terminal Cys, rather than by a bridging cysteine.
Niu's model predicts the existence of additional EPR-active states, for which there is
still no experimental evidence.

Doleet al. have reformulated a previous mechanism (Roberts and Lindahl, 1994)
and proposed a delocalized model for the spin density in the paramagnetic states (Dole
et al., 1997). The NiSl state is assumed to be the active species that interacts with H,
yielding NFR. In NiR a hydride is present, bridging both metal centers. Both terminal
cysteines become protonated in this state: one of them by the proton produced by the
heterolytical cleavage of H and the other by a solvent proton (see Figure 2.5 for the
proton and electron stoichiometries). One-electron oxidation and loss of one of the
protons yields NiC. The paramagnet in NirC will be delocalized onto a terminal
cysteine ligand (Ni(111)-S- « Ni (11)-S "), therefore explaining the small hydrogen
splittings observed in EPR and ENDOR measurements of this species. Loss of the
second electron and rearrangement of the spin density would turn the hydride into a
proton, and the last protonated cysteine would deprotonate, yielding NiSl. Quantum
chemical calculations performed on the possible intermediates predicted by this model
show that in the paramagnetic species the spin density is mainly localized on the nickel
atom and its sulfur ligands, and that in NiC a sizable spin density is found on one of the
termina sulfur ligands (De Gioia et al., 1999a). They also show that despite valence
changes of the nickel ion the electronic density on this metal is very similar in all forms,
which agrees with the XAS resullts.

Additional calculations by the same group on the catalytic intermediates of
[NiFeSe] hydrogenases suggest that the activity differences between [NiFe] and
[NiFeSe] hydrogenases cannot be attributed to the substitution of S by Se alone (De
Gioia et al., 1999b), since the structural and electronic parameters calculated in the

[NiFeSe] active site are very similar to the ones found in the regular [NiFe] center.
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2.6 POTENTIAL APPLICATIONS OF HY DROGENASE

The combustion of hydrogen is a highly exergonic reaction which, in principle,

does not produce toxic products (see equation 5).

2Hy+ 03¢ 2H,O  DG’=- 474 kImol? (5)

Hydrogenases have therefore enjoyed considerable attention due to their
potential application to produce H. One of the underlying ideas was that hydrogenase,
in combination with the capacity of photosystem |l to oxidize water into O, and low
potential electrons, might be employed to construct a reactor for the biophotolysis of

water to H, and O», driven by solar energy. The products thus formed can be used to

2H;+ 0O, —_—p 2H,0

A
DE= - 474 kJ/mol

hn
2 H2 2 Hzo
- -
4H"
T Hydrogenase PSII
I

Figure 2.6 Photobiological production of Hydrogen
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regain the stored energy by just burning the H to H,O again. In the initial phases of
research the photobiological system (algae, cyanobacteria and photosynthetic bacteria)
had short lifetimes (hours, or even minutes) and had very low efficiencies (much lower
than 1%), in part due to instability of the biologica components. Nowadays it is
possible to produce H, photobiologically for months at a time, with efficiencies above
1% (Benemann, 1996). The study of thermophilic hydrogenases may assist the

engineering of more resistant hydrogenases for potential biotechnological applications.
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3.1 GROWTH OF ORGANISM

Pyrococcus furiosus (DSM 3638) was grown as in (Arendsenet al., 1995) in a
medium described in (Kengen et al., 1994). A 200 L fermentor (Ip300, Bioengineering,
wald, Switzerland) was filled with growth medium (except vitamins), potato starch (5
g/L growth medium) and yeast extract (1.25 g/L growth medium) at room temperature.
The temperature was then raised to 90 °C and the medium was continually flushed with
a stream of N, gas. When the pO; in the medium was low enough (which usually took
from 4 to 6 hours), cysteine (0.5 g/ L growth medium) was added in order to eliminate
all O, and to provide a reducing environment. Pyrococcus furiosus innoculum (ca. 5 L)
and vitamins were then added to the medium. During growth the medium was
continually flushed with N2, in order to remove evolved H, gas, which has an inhibitory
effect above a certain level (Fiadla and Stetter, 1986). As the fermentation progressed,
the pH dropped. The pH was kept at 7.0 by automatic addition of appropriate amounts
of a5 M NaOH solution. Cells were harvested in a Sharples centrifuge after 20 h

growth, frozen and kept at —80 °C until use.

3.2 CELL LYSIS

Frozen cells (typicaly around 150 g) of P. furiosus were broken by osmotic
shock by a 2 h incubation at 30°C in 3 | of degassed 20 mM Tris buffer, pH=8.0 in the
presence of DNAse, RNAse and 1 mM MgCh. Cell debris and membranes were
separated by centrifuging at 9,000~ g for 120 min. The supernatant, henceforth referred
to as cell free-extract (CFE), was dark brown and slightly turbid (due to the presence of

small amounts of membranes).
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NaCl (as table salt) 30g/L Mg SO, 34 gL MgCl, 2.7 g/L
NaHCOs 1g/L KCI 0.33g/L NH4CI 0.25¢g/L
KH2PO4 0.14 g/L CaCl,.2H,O  0.14¢g/L NawO,; 3.3mg/L
Trace elements 1ml/L Vitamins 1ml/L
Table3.1  Growth medium composition.
CusO, 36 mg/L Na;SeO; 450 mg/L H3BO3 50 mg/L
ZnClp 50 mg/L MnCl, 50 mg/L CoSQ, 50 mg/L
FeCl, 2g/L NiCl 92 mg/L Na;MoQ, 73 mg/L
EDTA 0590/L HCI 1ml/L
Table3.2 Trace elements solution composition.
Biotin 2 mg/L Nicotinamide 5 mg/L
Folic acid 2 mg/L Riboflavin 5mg/L
Thiamin HC| 5mg/L Pyridoxine HC| 10 mg/L
Lipoic acid 5mg/L Pantothenic acid 5 mg/L
p-aminobenzoic acid 5mg/L Cyanocobalamine 5 mg/L

Table3.3  Vitamins solution composition.
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3.3 | SOLATION OF MEMBRANES

Cytoplasmic membranes were isolated from the pellet obtained after
centrifugation of the osmotically lysed cells for 1-h at 20,000 ~ g. The pellet was
suspended in 50 mM N-[2-hydroxyethyl] - piperazine-N ¢3-propanesulfonic acid] (Epps),
pH 8.0, and passed three times through a French press pressure cell at 70 MPa at room
temperature. Cell debris was removed by centrifugation at 8, 000 ~ g for 10 min, and
membranes were precipitated by centrifugation for 90 min at 200, 000" g. The last
traces of soluble proteins were removed by suspending the membranes in buffer and

repeating the centrifugation procedure.

3.4 PREPARATION OF CELL EXTRACTS

The cell extract used to measure whole-cell activities was prepared from cells (5
g wet cells suspended in 30-ml Epps buffer, pH 8.0) broken by passing through a
French pressure cell three times. The cell debris was removed by centrifugation at

8,000 " g for 10 min.

3.5 PROTEIN PURIFICATION

3.5.1 Thesoluble sulthydrogenase |

Two different methods were used to purify the soluble sulfhydrogenase I. The
first method was a modification of that used by Arendsenet al. (Arendsenet al., 1995).
The supernatant was first precipitated with 60% (NH4).SO,4. Hydrogenase activity was
found in the pellet, which was then resuspended in standard buffer (20 mM Tris HCI
pH=8.0 with 2 mM dithionite), dialyzed twice against standard buffer and anaerobically
purified by sequentially loading onto a DEAE-Sepharose, a Phenyl-Sepharose and a
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hydroxyapatite column. All buffers contained 2 mM dithionite as a reducing agent and
oXxygen scavenger.

The second method did not involve a (NH;).SO,4 precipitation step. The cell
extract was chromatographed on a Source-Q ion-exchange column. Hydrogenase
containing fractions were pooled and dialyzed twice against anaerobic 20 mM Tris HCI
pH=8.0 buffer containing 2 mM dithiothreitol in order to eliminate dithionite, and
loaded on a Blue Sepharose column. A 0-2000 mM NaCl gradient in 20 mM Tris HCI
pH=8.0 2 mM dithiothreitol was applied to the column. Hydrogenase activity eluted
around 600 mM NaCl. These fractions were then loaded on a Phenyl-Sepharose
column, and eluted with a reverse gradient 450-0 mM NaCl. Hydrogenase eluted when
0 mM NaCl were applied to the column.

Purified sulfhydrogenase was concentrated in an Amicon concentration cell

fitted with a YM 30 filter and frozen in liquid N>.

3.5.2 Sulfide dehydrogenase

Cdl-free extract was precipitated with 60% ammonium sulfate. The SuDH
activity was purified under anaerobic conditions from the 60% pellet after dialysis. The
precipitated pellet (50 ml) was resuspended in 100 ml growth medium, dialyzed twice
against deaerated buffer A (50 mM Tris pH 8.0 with 10% glycerol, 1 mM dithionite and
1 mM dithiothreitol) and sequentially loaded onto a Source-Q ion-exchange column, a
Blue Sepharose affinity column and Superdex 200 molecular sieve column, asin (Ma
and Adams, 1994). The buffer used in the Blue Sepharose column included no
dithionite, which irreversibly affects the Blue Sepharose resin.

Purified SUDH was concentrated in an Amicon concentration cell fitted with a

YM 30 filter and frozen in liquid No.
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3.5.3 Partial purification of the membrane-bound
hydrogenase.

The membrane-bound hydrogenase was solubilized by mixing freshly-prepared
membranes (diluted to a final protein concentration of 10 mg/ml) with 2 % sodium
deoxycholate, incubating at room temperature for 30 minutes, and centrifuging at
14,000 ~ g for 15 minutes. Protein was precipitated with ammonium sulfate (to 25%
saturation) and resuspended in buffer A (10 mM Tris HCI, pH 8.0, 0.1% (w/v) Triton X-
100). Ammonium sulfate was eliminated by repeatedly concentrating the sample and
exchanging the buffer with buffer A in an Amicon concentration cell with a 30 kDa
filter. The sample was then loaded onto a 300 ml Q-Sepharose column and eluted with a
1250-ml gradient from O to 500 mM NaCl, followed by a steeper gradient of 100 ml
from 500 to 1000 mM NaCl, and a column wash with 1000 m NaCl. Hydrogenase-
containing fractions (eluting between 440-480 mM NaCl) were pooled and concentrated
to 4 ml, dialyzed against 1 liter buffer A, and loaded onto a 20-ml hydroxyapatite
column equilibrated with 10 mM Tris pH 8.0. In these conditions, the membrane-bound
hydrogenase flows though the column without binding. Samples with hydrogenase

activity were pooled, concentrated and frozen in liquid N>.

354 Ferredoxin

Ferredoxin was purified anaerobically as described in (Hagedoorn et al., 1998).
The cell-free extract was loaded onto a Source Q column and eluted with a 0-500 mM
NaCl gradient. Ferredoxin eluted as the last, very well-resolved, brown peak. It was
then loaded onto a Phenyl-Sepharose column, to which ferredoxin does not bind. As a
final polishing step, ferredoxin was chromatographed on a Superdex 200 molecular

sieve.
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3.5.5 Pyruvate: ferredoxin oxidoreductase

Pyruvate: ferredoxin oxidoreductase (POR) was anaerobically purified as
described in (Blamey and Adams, 1993) using ion-exchange chromatography, gel
filtration and affinity chromatography with hydroxyapatite.

3.6 ASsAYS.

3.6.1 Hydrogen production

Hydrogen production activity was routinely measured at 80 °C over a period of
15 minutes in 100 mM Epps buffer, pH 8.0 in the presence of 1 mM methyl viologen.
The reaction was started by adding buffered dithionite (final concentration 20 mM) and
the evolved H was analyzed on a Varian 3400 gas chromatograph equipped with a
TCD detector. Argon was used as carrier gas. B was measured on a molesieve 5A
45/50 column (1.5 m x /4" SS, Chrompack, Bergen op Zoom, The Netherlands). One
unit of hydrogenase catalyzes the production of 1 nmol H, min. For measurements at
different pH, and in order to minimize changes in pH brought about by the change in
temperature, buffers with a low DpK/DT (Ches, Mops, Epps or Mes, al at 100 mM)

were used.

3.6.1.1 Sensitivity to inhibitors

CO-inhibition assays were performed by adding CO to the headspace of the
assay vials to yield from 0 to 100% CO in the headspace and measuring the H-
evolution activity as described above.

N, N’-dicyclohexylcarbodiimide (DCCD) inhibition was assayed by incubating
10 m of a 50 mg/ml solution of DCCD in 100 % ethanol and 20 m P. furiosus
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membranes in 1.9 ml assay buffer for variable periods of time at room temperature and

at 80 °C and measuring the H,-evolution activity as described above.

3.6.1.2 H, production from pyruvate

Unless otherwise noted, the pyruvate oxidation driven, ferredoxin mediated, Hy-
formation assay mixture contained: 100 mM Epps pH 8.0, 0.1 mM MgCh, 0.1 mM
thiamin pyrophosphate, 10 mM pyruvate, 1.5 mM CoASH, 15 mM dithiothreitol, 13
nmM P. furiosus ferredoxin, 75 ng POR, 10 ng sulfhydrogenase (activated). The assays
were performed in awarmed bath at 80°C in a butyl rubber stoppered bottle (8-ml) with
a reaction volume of 1 ml. H, production was followed in time with gas
chromatography. The sulfhydrogenase was previously activated by an incubation of 20
min at 80 °C under a hydrogen atmosphere.

With NADP*/NADPH as oxidant/reductor for the sulfhydrogenase the POR
reaction mixture (minus ferredoxin) was supplemented with 1 mM NADP" and 100%
H, in the gas phese or with 1.5 mM NADPH. When SuDH was used as NADPH
regenerating system, the POR system was supplemented with 0.3 mM NADP" and 30
Ny SUDH.

3.6.2 Hydrogen uptake

Hydrogen uptake was measured by following the H»-dependent reduction of
methyl viologen or benzyl viologen (1 mM) by the hydrogenase in Hp-saturated 50 mM
EPPS pH 8.0 buffer containing 1 mM methyl (or benzyl) viologen. When necessary,
hydrogenase was activated in the vial by addition of a small amount of dithionite
solution. Reduction of methy! viologen was followed at 604 nm (e=13.6 mM™* cm!) and
that of benzyl viologen at 540 nm (e=13.05 mM ™ cm?) (van Dijk et al., 1979).
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3.6.3 Sulfide dehydrogenase

The kinetic parameters of SUDH were measured as described in (Ma and Adams,
1994). The NADH-dependent reduction of benzyl viologen catalyzed by SuDH was
regularly measured at 60 °C. The reaction was carried out in anaerobic vials containing
50 mM CAPS pH 10.3 buffer, 0.3 mM NADH and 1 mM benzyl viologen. The
polysulfide-dependent oxidation of NADPH was followed at 340 nm (e=6.2 mM ™t cm
1. The assay mixture contained 100 mM EPPS pH 8.0, 0.3 mM NADPH and 1.5 mM
polysulfide. Reaction was started by addition of enzyme. NADPH-dependent glutamate
synthase activity was determined as in (Vanoni et al., 1991). When dithionite was
omitted from the assays, and in view of the O, sensitivity of SuDH and the
sulfhydrogenase during their activity measurements, the last traces of O, in the assay
bottles or cuvettes were removed prior to the start of the reaction by reducing the
viologen to “dlightly blue’ with deazaflavin and light (10 M deazaflavin and 50 mM
N-[Tris(hydroxymethyl)methyl]glycine as electron donor). When no viologens were
involved in the reaction, the last traces of G were removed during the temperature
equilibration by POR. When no standard deviation is given, the values have a standard

deviation of 15% or less.

3.7 PROTEIN DETERMINATION

Protein concentration was determined according to the microbiuret method with

TCA-DOC precipitation (Bensadoun and Weinstein, 1976).

Reagents:
- Sodium deoxycholate (DOC) 0.15% w/v
- Trichloroacetic acid (TCA) 70% w/v ( VERY CORROSIVE. CAUTION !)
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- Sodium hydroxide solution 3% w/v

- Microbiuret reagent
Dissolve 173 g trisodium citrate dihydrate and 100 g N&CO;s in distilled
water to a fina volume of 600 ml (solution 1). Dissolve 17.3 g
CuS04.5H,0 are in 300 ml of warm distilled water. Slowly add this
solution, with stirring, to solution 1. Make up the volume to 1000 ml.
This dark blue solution is stable for several months when kept in the
dark.

- Bovine Serum Albumin
Prepare a 10.00 mg/ml solution. Due to the hygroscopic nature of
lyophilized proteins gravimetric preparation of protein standards is
difficult. Usually the concentration is determined spectrophotometrically.
A 1 mg/ml solution of BSA has an absorbance of 0.667 at 279 nm.

Procedure

Add three samples of unknown concentration (20, 50 and 200 nl), two blanks
and six samples of bovine serum albumin standards (5, 10, 20 30, 40 and 50 m °© 0.05-
0.5 mg of protein) to separate Eppendorf reaction vessels. Adjust volume to 1.0 ml with
distilled water and mix.

Add 100 mi 0.15% DOC, mix and allow to stand for 5 minutes (at room
temperature).

Add 100 m 70% TCA, mix and centrifuge for 10 minutes at 9,000 =~ g
(Eppendorf centrifuge). Mark the orientation of the vessels in the centrifuge.
Precipitated protein can be observed as a pale shade on the side of the vessel. Carefully
remove the supernatant (to be discarded) by aspiration with a Pasteur pipette. Avoid

touching the inner surface of the Eppendorf vessels with the pipette tip.
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Add 1 ml of 3% NaOH to each reaction vessel.

Mix thoroughly by vortex until full solubilization is achieved.

Add 50 m microbiuret reagent, and mix thoroughly for 10 seconds.

Allow color development at room temperature in the dark for at least 10 minutes,

and measure the absorbance of the solutions at 545 nm against water.

3.8 |RON DETERMINATION WITH FERENE

Iron was measured as the ferene complex as described in (Smith et al., 1984).

Reagents:

Dilute hydrochloric acid, 1% w/v

- Ammonium acetate solution, 15%

- Sodium dodecy! sulfate (SDS), 2.5% w/v

- Ascorbic acid, 4% (w/v) (freshly prepared)

- lron chelator: 3(2-pyridyl)-5,6-bis(5-sulfo-2-furyl)-1,2,4-triazine, disodium
salt trihydrate (Ferene), 1.5% w/v

- lron standard: 0.2 mMM (NHy)2Fe(S04)2.6H,O (Mohr’s salt, 0.008% w/v)

(freshly prepared)

Procedure

Dilute three protein samples (10,20 and 40 ml), two blanks and five samples of
iron standard (10,25,50,74 and 100 m © 2-20 nmol Fe) to 100 nml with demineralized
water in Eppendorf reaction vessels. Subsequently add 100 m 1% HCI. Gently mix the
samples.

Close the reaction vessdals and incubate at 80 °C for 10 minutes.
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Allow the vessels to cool down after the 80 °C treatment (keep closed).
Add sequentially, with vortexing after each addition:
- 500 m ammonium acetate

100 nl 4% ascorbic acid

100 ml 2.5% sodium dodecy! sulphate

100 nd iron chelator

Centrifuge for at least 5 minutes at 9,000~ g.

M easure the absorbance of the solutions at 593 nm against water.

3.9 FLAVIN EXTRACTION AND CHARACTERIZATION

The flavin moieties in sulfhydrogenase | and sulfide dehydrogenase were
analyzed after quantitative extraction of the cofactor by unfolding and precipitation of
the protein.

10 m of 70 % (w/v) trichloroacetic acid solution were added to 100 i of protein.
Samples were thoroughly mixed and allowed to stand. Water was added to 1000 ni, and
excess acid was neutralized by the addition of 200 m of a 100 mg/ml NaHCOs solution.
The final pH of the samples was around 8. The absorbance of the solution was
measured at 450 nm against water. For the calibration curve determination, 5 m of
either FAD or FMN (10 mM stock solutions) were diluted to 1000 i (solution F). To
50, 100, 150, 300 and 400 1 of solution F were added 50 m Tris HCI pH=8.0 and 10
TCA 70%. Volumes were adjusted to 1000 ml with Nanopure water. Samples and
standards were kept wrapped in aluminum foil to protect the flavins from light-induced
damage.

For identification of the isolated cofactor the fluorescence emission of the

sample between 400 nm and 600 nm (excitation wavelength = 360 nm) was measured
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before and after addition of 5 m of a 1.7 mg/ml snake-venom phosphodiesterase (Naja

naja venom) solution.

3.10 ANAEROBIC OXIDATION OF SULFHYDROGENASE

A smal (around 15 ml) 6-PG desalting column was poured and extensively
equilibrated under an Ar flow with a thoroughly deaerated 50 mM Tris HCl pH=8.0
solution (evacuated and flushed with Ar for more than 2 hours). 500 nl of a freshly-
prepared anaerobic solution of phenazine methosulfate (6 mg/ml) were then placed on
the column, immediately followed by up to 500 m of concentrated sulfhydrogenase.
Sulfhydrogenase elutes much faster than phenazine methosulfate (PMS), alowing 1ull
separation of the oxidized protein (red-brown) from the reduced phenazine methosulfate
(green). Both the PMS solution and the 6-PG desalting column were kept wrapped in
aluminum foil to prevent light-induced degradation of PMS.

3.11 PREPARATION OF SAMPLESFOR EPR.

PMS-oxidized hydrogenase samples (~ 80 ni) were introduced anaerobically in
EPR tubes, heated to 80 °C in a water bath for different time periods and rapidly frozen
in liquid nitrogen. Photoreduction of hydrogenase was performed using deazaflavin was
asin (Massey and Hemmerich, 1978).under a H, atmosphere by stepwise illumination
using a tungsten lamp fitted with a fiber optics cable to prevent undesired sample
heating. The sample contained 50 mM Tris, pH 8.0, 2 mM EDTA and 25 niM 5-deaza-
riboflavin and was first illuminated at 80 °C for 25 minutes and then at O °C for 70
minutes. NADPH-reduced samples were prepared at room temperature by anaerobic
addition of fresh NADPH solution to PMS-oxidized hydrogenase to a finadl

concentration of 0.7 mM.
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3.12 MEDIATED REDOX TITRATIONS.

Anaerobic redox titration of the different proteins was carried out as follows. An
enzyme solution in 50 mM TrigHCI buffer, pH 8.0, was poised at different redox
potentials in the presence of redox mediators (40 nM). The mediators and their
respective potentials were: tetramethyl-phenylene diamine (260 mV), 2, 6-dichloro-4-
[4-(hydroxyphenyl)imino] (271 mV), N-methylphenazonium methosulfate (80 mV),
thionine (56 mV), methylene blue (11 mV), indigo tetrasulfonate (-46 mV), ndigo
disulfonate (-125 mV), 2-hydroxy-1, 4-naphtoquinone (-152 mV), antraguinone-2-
sulfonate (-225 mV), phenosafranin (-252 mV), safranin O (-280 mV), neutral red (-329
mV), benzyl viologen (-359 mV) and methyl viologen (-449 mV). The reductive redox
titration was performed by adding small aliquots of dithionite solutions of appropriate
concentration (0.2, 2, and 20 mM). Oxidative titrations were performed by adding
aliquots of potassum ferricyanide, K3sFe(CN)s. After a suitable equilibration time
samples were transferred to anaerobic EPR tubes and immediately frozen in liquid No.
When the titration was performed at 80 °C, the samples were frozen in cold isopenthane

(-180 °C).

3.13 EPR SPECTROSCOPY

X-band EPR spectra were acquired on a Bruker EPR 200 D spectrometer. The
microwave frequency was measured with a Systron Donner frequency counter, model
1292A. The direct-current magnetic field was measured with an AEG Kernresonanz
Magnetfeldmesser, type GA-EPR 11/2102. The spectrometer was interfaced with a
DASH-16 card to a PC with software written in ASY ST for 1024-point data acquisition,
correction for background signals (with frequency alignment), double integration

procedures, and g-value determinations. as in (Pierik and Hagen, 1991). The modulation
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frequency was 100 kHz and the modulation amplitude was 0.5 mT, unless otherwise
noted. The spectra were simulated using 100 x 100 orientations and assuming (a
superposition of) S=1/2 species subject only to electronic Zeeman interaction plus co-
linear gstrain broadening. This means that each species is defined by maximally three
gvaues, g, and three linewidth parameters, D;, in g-value units. The theory and
procedure has been detailed in (Hagen, 1989) and Refs. quoted therein. The assumption
of gstrain is not crucial because broadening by unresolved superhyperfine interactions
(or by a combination with g-strain) would result in virtually identical spectra (cf.

(Hagen, 1989)).

3.14  SEQUENCE ANALYSIS

The published (Pedroni et al., 1995) amino-acid sequences of the four
sulfhydrogenase subunits were searched for highly conserved regions by comparison
with the closest described homologous sequences found using BLAST 2.0.3 (Altschul et
al., 1997) (available at http://www.ncbi.nim.nih.gov/BLAST/) with the non-redundant
protein databases of the National Center for Biotechnology Information (Bethesda, MD,
USA) and aligned with CLUSTALX (Thompson et al., 1997), with subsequent manual
inspection.

Phylogenetic trees were built using the CLUSTALX and plotted with NJplot
(Perriere and Gouy, 1996) and TreeView (Page, 1996). Confidence values for groupings
in a tree were derived by bootstrapping (Felsenstein, 1985). Bootstrapping involves
making N random samples of sites from the alignment (N should be large, e.g. 500 -
1000); drawing N trees (1 from each sample) and counting how many times each
grouping from the origina tree occurs in the sample trees. N was set to 1000. The
number of times each grouping from the original tree occurs in the sample trees is

shown at the relevant node in the tree.
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Data of the genome of P. furiosus (Borges et al., 1996) are available on
www.genome.utah.edu or http://combdna.umbi.umd.edu/bags.ntm. The P. furiosus
genomic sequence database was screened for Ni-Fe hydrogenase-coding regions using
the amino acid sequence of the large subunit of hydrogenase-2 from E. coli. Open
reading frames in the relevant genome regions (with a minimum size around 80 amino
acids, to eliminate statistical artifacts) were evaluated according to codon usage. Codon
usage was compared to the average codon usage in genes coding for known P. furiosus
proteins. The codon usage data were obtained from the Codon Usage Database at
http://www.kazusa.or.jp/codory.

Membrane spanning helices were predicted according to (Tusnady and Simon,
1998) using the interface at http://www.enzim.hu/hmmtop/index.html.

Ribosome-binding sites were identified by comparing the gene sequences to the
3’ -terminal of the 16S rRNA small subunit rRNA (Achenbach, LA (1995) Pyrococcus

furiosus 16S small subunit rRNA sequence, accession number U20163).

3.15 PROTEIN ANALYSIS,

SDS-PAGE was performed as described in (Laemmli, 1970).

Reagents

- Running buffer (1.5 M Tris pH 8.8): dissolve 18.17 g Tris in a final volume
of 100 mL using Nanopure water, and adjust to pH 8.8 with HCl. Keep in the
dark at 4 °C.

- Stacking buffer (0.5 M Tris pH 6.8): dissolve 6.06 g Trisin afinal volume of
100 mL using Nanopure water, and adjust to pH 6.8 with HCI. Keep in the dark
at 4 °C.
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- Acrylamide (30%)/ bisacrylamide (0.8%): dissolve 30 g de acrylamide e 0.8
g de bisacrylamide in a final volume of 100 mL using Nanopure water. Filter
through a 0.45 mm membrane ad keep in the dark at 4 °C. CAUTION:
Acrylamide and bisacrylamide monomers are neurotoxic. Always wear gloves
and induce polymerization before disposal.

- Sodium dodecyl sulfate stock solution (SDS) 10%. Keep at room
temperature.

- Ammonium persulfate solution (APS) 10%. Freshly prepared.

- N,N,N’,N’-tetramethyletilenediamine (TEMED)

- Tris-Glycine electrophoresis buffer (10" ): dissolve 30.3 g Tris, 144.1 g
glycine and 10 g SDSin afinal volume of 1 L. Adjust pH to 8.3. Dilute 10 times
before using.

- Sample buffer (2°) : add 24 mL de 0.5 M Tris pH 6.8 (stacking buffer), 4
mL SDS 10%, 2 mL glycerol, 1 mL b-mercaptoethanol e 0.5 mL of a 1%
solution of bromophenol blue in water. Adjust volume to 10 ml. Divide in

aliquots, and keep at -20 °C in Eppendorf. Dilute twice before use.

Procedure

Assemble the gel apparatus. Check that no leaks are present. Prepare a
convenient amount of running gel solution (5 mL for a mini-gel, 30 mL for a long gel)
using Table 3.4, below. Polymerization starts upon addition of TEMED. Carefully pour
the gel in the apparatus. Overlay the running gel with a small amount of n-butanol.

After the running gel has polymerized, decant the overlay, prepare the stacking
gel solution according to Table 3.5, add the TEMED, and pour. Insert the comb and

allow to polymerize completely before running.
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Dilute sample twice in sample buffer. Use »5 ng protein on a mini-gel and

»30 ngy on along-gel). P. furiosus proteins are remarkably thermostable. Boil samples

for at least 5 minutes, centrifuge and load the gel.

Run the gel at constant current, 25-50 mA, depending on gel size.

Stock % acrylamide
solution 75 10 125 15
1.5M TrispH 8.8 1.25mL 1.25mL 1.25mL 1.25mL
Acrylamide 30% 1.25mL 1.67 mL 2.08 mL 25mL
SDS 10% 50 nL 50 mL 50 mL 50 L
H.O 242 mL 2.00 mL 1.60 mL 1.18 mL
degass
APS 10% 25nL 25 25 25
TEMED 25nL 25nL 25n 25nL

Table3.4 Running gel composition. VVolumes are shown for a5 mL mini-gel.

Table3.5

Stock % acrylamide
solution 4
0.5M TrispH 6.8 0.5mL
Acrylamide 30% 0.27 mL
SDS 10% 20 mL
H,O 1.20 mL
degass
APS 10% 10
TEMED 2nL

Stacking gel composition. Volumes are shown for a5 mL mini-gel.
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3.16

GEL BLOTTING

After running, incubate the gel for 30 minutes in 10 mM CAPS buffer in 10
% methanol (pH=11.0)

. Wet a PVDF membrane in 100% methanol.

Blot during 2-3 h at 200 mA in CAPS buffer in 10% methanol

. Wash the membrane with Nanopure water for 5 minutes.

Color the membrane with 0.1% Coomassie Brilliant Blue R-250 in 50 %
methanol for 5 minutes.
Decolor the membrane for 10 minutes in 50% methanol 10% acetic acid

solution.

. Wash with Nanopure water.

Dry the gel and cut the relevant bands.

The N-terminals were sequenced by Edman degradation in the gas phase

sequenator at the Sylvius Laboratories, Department of Medical Biochemistry, State

University of Leiden.
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4.1 REPORTED PROPERTIES OF PYROCOCCUS FURIOSUS
SULFHY DROGENASE

The sulfhydrogenase from Pyrococcus furiosus is the only NiFe hydrogenase
from hyperthermophilic organisms that has been studied in some detail (Arendsenet al.,
1995; Bryant and Adams, 1989; Ma et al., 1993; Ma et al., 1994). The protein is an
abgd heterotetramer of 48.7 + 41.8 + 33.2 + 29.6 kDa. The d and a subunits are
homologous to the small and large subunits of mesophilic NiFe hydrogenases, and the b
and g subunits show similarity to the a and b subunits of the anaerobic, NADH- linked,
abg sulfite reductase from Salmonella typhimurium (Pedroni et al., 1995).

Unlike all other hydrogenases the P. furiosus enzyme has been reported to
preferably catalyze H, production (Bryant and Adams, 1989). It contains close to one Ni
and 17-31 Fe per heterotetramer (Arendsen et al., 1995; Bryant and Adams, 1989).
Based on the sequence homology and on the metal content one would expect to find at
least half a dozen different EPR signals. So far, only three EPR signals were found: a
rhombic signal, attributed to a [4Fe-4S] cluster, an axia signal arising from a [2Fe-2S]
cluster and a broad signal, possibly caused by interaction of the cluster that givesrise to
the rhombic signal and another (fast-relaxing) paramagnet that becomes detectable upon
reduction (Arendsen et al., 1995). Nothing is known regarding the redox-states of the
NiFe moiety: no nicke-EPR has been reported yet. An EPR signal reminiscent of the
Ni-C signa was claimed in thus far unpublished work to be detectable after incubation
of the protein at 80 °C and poising the redox potential at approximately -0.3V (Adams,
1992). In order to investigate the physiological significance of these data we have
performed a series of experiments with sulfhydrogenase at physiological temperature
(80 °C) with subsequent monitoring by low-temperature EPR to find conditions which
would allow the identification and characterization of physiologically relevant states of

the NiFe cluster.
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4.2 DERIVATION OF PROSTHETIC GROUP STRUCTURES FROM
SEQUENCE ANALYSIS

The nucleotide sequence of the HydBGDA transcription unit encoding the
heterotetrameric P. furiosus sulfhydrogenase has been determined by Pedroni et al.
(Pedroni et al., 1995), and they have also analyzed the primary structures of the four
proteins encoded by the transcription unit through comparison versus protein sequence
databases and using the Xray structure of the Desulfovibrio gigas NiFe-hydrogenase
(Volbeda et al.,, 1995). Two classica, [4Fe-4S] ferredoxinlike ligands,
CxxCxxCxxxCP, were identified in the sequence of the b-subunit, however, no
deductions were made regarding the specific structures of the iron-sulfur clusters in the
g and d-subunit. As a prelude to our redox-EPR analysis we have re-inspected the
primary sequence of the enzyme with comparison to newly available sequence data
from other proteins, and we have found evidence for atotal of five [4Fe-4S] cubanes, no
[3Fe-49] clusters, and one [2Fe-2S] cluster.

Pedroni et al. found a strong homology between the g-subunit of P. furiosus
hydrogenase and AsB, the b-subunit of anaerobic sulfite reductase from S.
typhimurium, with four Cys residues conserved. In Figure 4.1A a second look is taken at
this putative binding sequence with inclusion not only of novel sequence information
from archaeal genomes, but also of the classical sequence for a [2Fe-2S] ferredoxin here
taken from Spirullina platensis (and 49 other sequences available). The consensus
sequence consists of two motifs, CxxGxCxxC and CxxxP, and we conclude that all
proteins presented in Figure 4.1A carry a[2Fe-29] cluster of the ‘plant ferredoxin’ type.

Thisis the only iron-sulfur cluster present in the g-subunit.
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A) [2Fe-2S] cluster on g subunit

HydG Pfur 251 MK G e ke HM (11x) Kk DGP V
HydG Phor 264 MKIG1 GI MG s®( 7x) RDGP V
HydG Man 206 MKIGI GI G of®( 9x) MKk DG P V

AsrB Ecol 238 MAE®MS VGKE@MGCHM( 7x) (T D G P |
Fd Splat 39 Y SEMRAGA®MS T (29%%x) MV AY P T

B) Proximl [4Fe-4S] cubane:

HydD Pfur 14 o x G® (66x) G x[®x x x G (44x) Gle P P
HynB Dgig 17 ol x G® (89x) G x®x x x G (30x) Gje& P P

C) Distal [4Fe-4S] cubane:

HydD Pfur 163 VI8 x x [® ( 6x) 8 (8x) ¥ x G P x T
HynB Dgig 184 Vxx(24x) o (5x) [ x GP x T

D) Intermediate [3Fe-4S] or [4Fe-4S5]:

HydD Pfur 192 [ x A XE®& P ( 5x) [ x Gie

HydD M an 224 x AxP( 5x) ¥ x ' Glf®
HynB Dgig 228

@ P (16x) I8 x x K&

Figure 4.1 Analysis of cluster-coordinating segments of P. furiosus hydrogenase subunits. HydG is the
gsubunit of tetrameric hydrogenases, AsrB is the b-subunit of anaerobic NADH -dependent trimeric
sulfite reductases, Fd is ferredoxin, HynB is the b-subunit of dimeric hydrogenases and HydD is the d¢
subunit of tetrameric hydrogenases. Pfur is P. furiosus Phor is P. horikoshii, Splat is Spirulina platensis

and Dgigis D. gigas
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The d-subunit sequence has been compared to sequences of the small subunit
from 25 other hydrogenases. For reason of readability inFigure 4.1 the comparison is
limited to the sequence from the D. gigas enzyme for which an X-ray structure is
available. In D. gigas NiFe-hydrogenase the binding motifs are consecutive (i. e. not
intertwined as for 8Fe ferredoxins) and we assume this to hold for all hydrogenase small
subunits. The first binding sequence is for the [4Fe-4S] cubane that is proximal to the
NiFe active center in the D. gigas enzyme. The three motifs, CxGC and GxCxxxG and
GCPP, are fully conserved in 24 out of 25 hydrogenases: the proximal cubane is also
present in P. furiosus sulfhydrogenase.

The F420-dependent hydrogenases differ considerably in the subsequent iron
sulfur binding motifs from the other hydrogenases, therefore the comparison is
continued with the remaining 17 sequences. The second binding sequence is for the
[4Fe-4S] cubane that is distal to the NiFe site in D. gigas hydrogenase. The sequence is
unusual in that it is the first example of a [4Fe-4S] clusters with histidine as one of the
coordinating ligands. The consensus sequence, HxxC and C and CxGPxT, is fully
conserved, except that the His is replaced with Cys in the archaeal proteins. Thus, the
distal cubaneis present in P. furiosus sulfhydrogenase as an all-Cys cluster.

The third binding motif in the D. gigas sequence is for the [3Fe-4S] cluster that
is spatially in between the two cubanes. There is no convincing sequence homology in
thisregion between the D. gigas and the P. furiosus proteins; however, al the archaeal
sequences carry the motif CxAXCPxxxxxCxGC (cf. Figure 4.1D). Therefore, it appears
that the [3Fe-4S] cluster is replaced in these proteins with a [4Fe-4S] cubane and with a
different polypeptide ligand. In summary, the d-subunit of P. furiosus sulfhydrogenase
should grossly have the same 3D structure as the small subunit of the D. gigas
hydrogenase, but the former contains three cubanes.

The a-subunit was previously shown to be homologous to the large subunit of

NiFe hydrogenases, including the D. gigas enzyme, with the binding motif for the
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binuclear NiFe cluster fully conserved. Therefore, in P. furiosus sulfhydrogenase
residues Cys-68 and Cys-421 are identified as the bridging ligands between the Ni and
the Fe, and Cys-65 and Cys-418 coordinate only the Ni.

The b-subunit was previoudly shown to be homologous to AsrA, the a -subunit of
S, typhimurium anaerobic sulfite reductase (Pedroni et al., 1995). The comparison
identified not only the two classical CxxCxxCxxxCP motifs for [4Fe-4S] cubanes but
also other seven Cys were found to be conserved between the two subunits. However
not enough homologous sequences are available to decide whether these cysteine
residues might be involved in cluster coordination.

The sequence analysis in terms of ligands br prosthetic groups is summarized
schematically inFigure 4.2. The four subunits are presented as sguares with relative
magnitudes that approximately reflect their molecular masses. The approximate
topology of the four cubanes and the NiFe cluster in the ad-subdimer are by analogy to
the D. gigas enzyme. In the g-subunit Pedroni et al. found binding sequences for flavin
and nucleotide (Pedroni et al., 1995). The flavin is identified as FAD, below. The
overal topology of all redox groups b suggestive of a specific electrontransfer route
from NADPH to H. Reduction of the Fe-S clusters of hydrogenase with NADPH is
documented below.

Not indicated in Figure 4.2 are the seven conserved Cys residues in the b-subunit
(in addition to the eight Cys for the two regular cubanes) because it is presently not

known if they are involved in ligation of yet another Fe/S cluster.
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Figure 4.2 Proposed arrangement of the redox centers in the four subunits of the sulfhydrogenase from
P. furiosus Cubes stand for [4Fe-4S] clusters, the oval for FAD, the green diamond for the NiFe cluster
and the red diamond for the [2Fe-2S] cluster.
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4.3 CATALYTIC PROPERTIES

Sulfhydrogenase was originally proposed to be primarily a Hy-evolving enzyme
(H2 evolution 11 times larger than H, uptake) that used reduced ferredoxin as electron
donor (Bryant and Adams, 1989). A subsequent report showed that H, evolution from
dithionite-reduced ferredoxin was an experimental artifact, and that instead NADPH
(but not NADH) can be used as electron donor for Hy evolution (Ma et al., 1994). Some
Kinetic data in the latter report seem to contradict the previously reported ratios of H, to
H, uptake (Table 1 in (Ma et al., 1994)), and suggest instead that in physiological
conditions the enzyme might function primarily in Hy oxidation.

Some catalytic properties of sulfhydrogenase were therefore reexamined. The
study of the temperature dependence of H, uptake activity (using 1 mM methyl

viologen as electron acceptor) shows a fourteen-fold increase in activity from 45°C

to 96 °C (Figure 4.3).
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Figure 4.3 Temperature dependence of the H, uptake activity of P. furiosus sulfhydrogenase.
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These data can be analyzed according to the Arrhenius equation:

ki = AT e—Ea/RT

where k; isthe reaction rate, A is a parameter slightly dependent on temperature,
and Ea is the activation energy. If we identify the energy of activation as DG1, the
Gibbs free energy of activation (Glasstone et al., 1941), we get:

= BT ¢ DHE/RT DSHR

where B is a proportionality factor, DSt is the entropy of activation and DH1 is

the enthalpy of activation. Dividing by T and taking logarithms:

In (ki/T) = In B +DSt/R -DH1/RT

Under the conditions used (pH 8.0, 100 kPa H,), the H-uptake reaction can be
considered irreversible, so Kqps, the observed reaction rate, isidentical to k;. Therefore, a
plot of In (Kos/T) Vvs. UT (a so-caled Eyring plot) alows the calculation of
DHt and DSt. The Eyring plot for the Hy uptake reaction catalyzed by sulfhydrogenase
under 1 atm H, pH 8.0 using 1 mM methyl viologen as an electron donor is presented
inFigure 4.4.

The Eyring plot reveals a breakpoint at 64 °C. Below 64 °C the apparent DHT is
19.3 kdmol't, which changes to 68 kJmol* above that temperature. The apparent DSt is
146 JK *mol? higher above 64 °C. It is known that the redox behavior of methyl
viologen (and hence its ability to accept dectrons from the protein) does not change

drasticaly with temperatures up to 90 °C (Hagedoorn et al., 1998). Therefore, the
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observed changes are most likely due to a conformational change in the protein, e. g., a

temperature- induced activation.
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Figure 4.4 Eyring plot of the H,-uptake reaction catalyzed by sulfhydrogenase.

A temperature-induced activation, though probably of a different nature, is also
apparent when measuring the Hp-uptake activity of sulfhydrogenase after anaerobic
oxidation with PMS. The specific activity increases markedly upon incubation at 80 °C
under a H, atmosphere. The increase is much faster if methyl viologen is present in the
incubation buffer. These data are consistent with the activation model common to other
hydrogenases. Oxidized hydrogenase has a very low activity, but incubation under H
quickly reduces the hydrogenase molecules that are present in the "ready” state. The
presence of methyl viologen (or other eficient electron carriers) greatly increases the
rate of transfer of the reducing equivalents to "unready” molecules, thereby accelerating
their activation. For unknown reasons, probably connected to the precise redox state of
the sample, the magnitude of the activity increase varies from sample to sample, from
around two-fold up to ten-fold.

The relative ratios of H-uptake to H evolution activities were also measured
after activation of anaerobically oxidized sulfhydrogenase. Surprisingly, the data show
that even at 60 °C, the H,-uptake activity is greater than the H evolution at 80 °C (see
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Figure 4.5). The estimated Hy-uptake/H»-evolution ratio at 80 °C will therefore be lower
than unity (ca. 0.25). Although this ratio is ill greater than usua for [NiFe]
hydrogenases, it can be concluded that the H-evolving role of this hydrogenase will

probably be more modest than proposed by (Maet al., 1994).
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Figure 4.5 Effects of activation on the activities of sulfhydrogenase. (s) H,-uptake (measured at 60 °C).
(0) Hy evolution (measured at 80 °C).

4.4 EPR MEASUREMENTS

The EPR spectrum of PMS-oxidized enzyme shows a signal at g=2.007 and
width=17 Gauss, consistent with a flavin-based radical (Figure 4.6). We measured the
flavin content of the hydrogenase and found 0.52 mol flavin per mole of protein. This
flavin was identified as FAD by the increase in fluorescence observed upon addition of

Naja najavenom (Wassink and Mayhew, 1975).
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Figure 4.6 EPR spectrum of the flavin radical present in sulfhydrogenase. EPR conditions: microwave

frequency, 9.4078 GHz; microwave power, 0.2 M\ ; temperature, 16.5 K.

Previous redox titrations of P. furiosus hydrogenase performed at room
temperature have yielded conflicting results regarding the redox potentials of the
observed Fe-S clusters (see (Arendsen et al., 1995) for a discussion). Only three Fe-S
clusters have been found in these experiments, so that knowledge about half of the Fe-S
clusters predicted in the protein is still missing. It is possible that these undetected Fe-S
clusters may only be redox active under physiologica temperatures. However,
equilibrium in redox titrations performed at 80 °C is expected to be hampered by
enzyme turnover since substrate (H") is always present in solution. Therefore we have
examined the behavior of the sulfhydrogenase at 80 °C in the absence of electron donors
as a first step towards the elucidation of its redox properties under physiologica
conditions. High temperature was found to induce a dow reduction of the

sulfhydrogenase, which could be reverted by a temperature back-jump to room
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temperature and this has been used as a convenient way to generate and identify novel
nickel signals and to search for missing Fe-S signals.

Upon a short warming to 80 °C under anaerobic conditions the radical signal
was replaced by the well-known [4Fe-4S] rhombic signal (Arendsen et al., 1995).
Upon further incubation of the sample at 80 °C the intensity of this signal decreased,
and the [2Fe-2S] axial signal appeared (Figure 4.7 and Figure 4.8). At the same time the
previously described (Arendsen et al., 1995; Bryant and Adams, 1989) ‘broad signal’
also evolved. No significant signals from other Fe-S clusters were found, suggesting
that their reduction potentials are probably too low to be observed under these
conditions. After anaerobic incubation at room temperature all Fe-S clusters detected

become oxidized.
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Figure 4.7 Time course of the evolution of the redox states of the sulfhydrogenase upon warming to

80°C. (1) : [4Fe-4S]; (+) : [2Fe-29]; (u) Ni-C. The EPR intensities are shown normalized to the intensity
of the 4Fe-4S signal obtained upon a 10 minute incubation of the hydrogenase at 80°C.
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Figure 4.8 Evolution of the Fe-S redox states of the sulfhydrogenase upon warming to 80°C. EPR
spectra of sulfhydrogenase after warming to 80 °C for 10 minutes (trace A), 30 minutes (trace B), and 120
minutes (trace C). EPR conditions: microwave frequency, 9.41 GHz, microwave power, 1.3 mW (trace

A) and 0.8 mW (traces B and C); temperature, 16 K.
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Photo-reduction of hydrogenase at 80 °C under conditions where enzymatic
turnover is prevented (under H atmosphere and without electron acceptors) failed to
reveal additiona clusters. In order to confirm that this result was not due to loss o
reducing equivalents through production of H the experiment was repeated at 0 °C (no
detectable hydrogenase activity), yielding the same resullt.

In the PMS-oxidized sample two other (weak) signals were also observed in the
magnetic-field region where signals from the NiFe cluster are expected to be found (g
=2.0- 2.4). We call these signals Ni Ox"€sting (Figure 4.9, upper trace, and Table 4.1).
Upon a short warming to 80 °C under anaerobic conditions the intensity of these Ni
signals increased. As the incubation proceeded these Nisignals changed into another set
of two rhombic signals (which we call NiOxNigh T Figure 4.9, second trace), then
became undetectable and finally changed into the familiar NiC signal aready found in
most other Ni- hydrogenases but still not described in hyperthermophilic hydrogenases
(Figure 4.9, third trace). This signal proved to saturate very easily at 25 K, and optimal
results were obtained at liquid nitrogen temperatures. Visible light irradiation at 110 K
causes this signal to disappear. Incubation of the sample at 200 K in the dark for 10
minutes restores the NiC signal, as observed for the NiFe hydrogenases from
mesophilic organisms (Van der Zwaan et al., 1985). However in contrast to the
mesophilic hydrogenases no clear Nisignals were found in the irradiated sample.

The behavior of the NiFe upon anaerobic incubation at room temperature after an
incubation at high temperature depends on its redox state: samples where the NiFe
cluster was still in the Ni-silent state reverted to the NiOxhigh T state but samples
containing NiFe cluster in the NiC state developed yet another new set of signals

(which we called NiOxIOW T, Fi gure 4.9, lower trace).
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Figure 4.9 EPR spectra of sulfhydrogenase after warming to 80 °C for 1 minute (Ni-OX®"%), 10
minutes (Ni-Oxhigh T, 90 minutes (Ni-C) and 120 minutes followed by a 1.5 minutes incubation at room
temperature (Ni-O)JOW ) and their simulations. NiFe-EPR features of unready and ready forms of
hydrogenase (see text for details) are labeled u and r, respectively. EPR conditions. microwave frequency,
9.41 GHz, microwave power, 0.08 mW, temperature, 16 K (Ni-OX®'" and Ni-OxX"9" ; microwave
power, 200 mW; temperature, 109 K; modulation amplitude, 1 mT (Ni-C); microwave power, 1.3 mW,
temperature, 18.5 K (Ni-OX°" ™).
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In order to assess the reversibility of this cycle NiOxlow T samples were again
incubated at 80 °C. However only mild reduction occurred, which suggests the
exhaustion of the electron supply (Figure 4.10). The Ni center could only be taken to the
Ni-OxNigh T state, and only the [4Fe-4S] cluster could be (partially) reduced. Reduction
of this mildly reduced hydrogenase by H at 80 °C yields hydrogenase with a fully
reduced [2Fe-2S] cluster and the NiFe moiety in an EPR-silent state (most likely
equivalent to the fully reduced NiR form found in mesophilic hydrogenases).
Anaerobic oxidation of the hydrogenase in this state by PM S does not restore the ability
to perform the whole cycle again. Enzyme cycled to the NiC state and back to Ni
Ox"9" T |oses the ability to perform the cycle. This ability cannot be restored by
dihydrogen incubation followed by anaerobic oxidation of the hydrogenase by PMS,
suggesting that H, that might eventually be trapped close to the active site is not the
internal reductant responsible for this cycle The full temperature-induced
reduction/oxidation cycle is reproducible on separate “as-isolated” samples from the

same batch and from different batches of cells.
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Figure 4.10 EPR spectra of sulfhydrogenase taken to the Ni-OX°" T

anaerobically at 80 °C for variable lengths of time. A) Ni-OX°% T B) 2 minutes incubation at 80 °C; C) 4

state and subsequently incubated

minutes incubation; D) 8 minutes incubation; E) 15 minutes incubation; F) 30 minutes incubation; G) 8
minutes incubation at 80 °C followed by 40 minutes at room temperature. EPR conditions; microwave
frequency, 9.39 GHz, microwave power, 1.3 mW, temperature, 19 K. Spectra have been normalized to
account for different gain settings.
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4.5 REDUCTION WiITH NADPH

Upon incubation of oxidized hydrogenase in the presence of NADPH at room
temperature for 10 minutes the Fe-S clusters proved to be reduced to an extent
comparable to that observed upon a 120 minutes incubation at 80 °C. However, the Nk
C signa observed in this 80°C incubated sample was not observed in the NADPH-
reduced hydrogenase: instead a new set of signals appeared reminiscent of those

observed during the initial stages of the 80 °C incubation (Figure 4.11).
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Figure 411 EPR spectrum and simulation (200 x 200 orientations) of sulfhydrogenase after incubation
with NADPH (0.7 mM) at room temperature. EPR conditions: microwave frequency, 9.4164 GHz,

microwave power, 0.13 mW, temperature, 16 K.
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This indicates that upon warming the redox potential of the NSl / Ni-C couple
changes in a different way than the Fe-S clusters’ potentials. Since NADPH was shown
(Ma et al., 1994) to be an electron donor to the hydrogenase this observation may be
related to the catalytic inactivity of the enzyme at room temperature. Indeed, upon
warming to 80 °C, NADPH is able to induce the appearance of a NiC signal in the

sample.

4.6 REDOX TITRATION AT PHY SIOLOGICAL TEMPERATURES.

A redox titration of sulfhydrogenase was performed at 80 °C. After anaerobic
incubation of an oxidized sample at 80 °C (to try to deplete the internal reductant) and
poising the potential at —38 mV vs. SHE, only two small signals, attributable to Ni
oxhigh T were found. These signals did not change appreciably, nor did any new
signals become visible, upon reduction to —290 mV. Stable potentials then became very
hard to attain, due to the H, evolution by the enzyme. During turnover both the [2Fe-29]
and the [4Fe-45] clusters were found in the reduced state. Upon oxidation with
ferricyanide, the [2Fe-2S] cluster oxidized immediately. However, the [4Fe-4S] cluster
remained reduced, and oxidized at a potential close to —140 mV. This is a surprising
behavior, since no reduced [4Fe-4S] custer was observed when reducing the protein
from —40 to —290 mV. It is possible that this cluster cannot be reduced by dithionite (or
dyes) before activation of the enzyme. Upon activation at suitably low potentials, H
evolution is observed. The [NiFg] cluster might then become a suitable electron
relaying site, able to act as a connecting wire between the isolated [4Fe-4F] cluster and
the mediators in solution, which would alow the equilibration of the cluster with the
outside potential during the oxidation with ferricyanide. Unfortunately, not enough

protein was available to confirm this hypothesis.
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gX gy gZ Dx Dy DZ
Ni_oxreﬂlng
u 2.305 2.145 2.0 0.007 0.005 0.005
r 2.259 2.104 2.0 0.010 0.0045 0.005
D.gigasNi-A | 232 2.23 2.01 n.d. n.d. n.d.
D. gigas Ni-B 2.34 2.16 2.01 n.d. n.d. n.d.
N i_oxhlgh T
u 2.309 2.149 2.0 0.005 0.005 0.005
r 2.499 2.1135 2.0 0.020 0.006 0.005
Ni_OX|OW T
u 2.295 2.153 2.0 0.020 0.007 0.005
r 2.315 2.180 2.0 0.016 0.0075 0.006
Ni_OXNADPH
u 2.307 2.143 2.0 0.005 0.010 0.003
r 2.486 2.113 2.0 0.012 0.0035 0.003
Ni-C 2.2185 2.137 2.0 0.008 0.008 0.008
D.gigasNi-C | 219 2.15 2.01 n.d. n.d. n.d.
Ni-L n.o. n.o. n.o. n.o. n.o. n.o.
D. gigas Ni-L 2.30 2.13 2.15 n.d. n.d. n.d.
Table4.1 Simulation parameters of Ni-EPR signals from P. furiosus sulfhydrogenase. The O are the

components, in g-value units, of a linewidth matrix co-linear with the g-matrix (cf. (Hagen, 1989)). The
g,-component is estimated: in all experimental spectra it is blanked by more intense Fe-S and/or radical
signals. The g-values of the different Ni-states of the mesophilic hydrogenase fromD. gigas(Cammack et

al., 1987; Teixeira et al., 1986) are shown for comparison. N.d. = not determined; n.o. = not observed.
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4.7 T-JUMP EXPERIMENTS

Incubation of oxidized hydrogenase at 80 °C proved to be a very convenient way
to generate and identify several states of the NiFe cluster. In each of these states (except
for Ni-C) two forms are clearly distinguishable (See Figure 4.9 and Table 4.1). One of
these forms (which we have labeled form “u”, from unready, see below) changes only
dightly throughout the whole temperature-jump sequence, while the other form changes
much more dramatically. The relative contributions of each form to the joint spectrum
change dragtically after the initial minutes of the temperature-jump and then remain
fairly constant throughout the process. This suggests a two-stage process, whereby the
initial temperature-jump induces a change in the equilibrium between “ready” and
“unready” forms of hydrogenase, and subsequent incubation at high temperature
induces the activation of the “ready” form of hydrogenase. We therefore propose that
form “u” is due to “unready” hydrogenase, and the changes observed in form “r” reflect
atemperature-induced activation of “ready” hydrogenase. Between NiOxX"9" T and Ni-C
the NiFe cluster becomes EPR-silent (N Sl). NiC-containing samples do not show any
contribution from “unready” hydrogenase although in NiOX°" T (which is obtained
through anaerobic incubation of NiC samples at room temperature) the “unready” form
is clearly visible. This observation suggests that only the “ready” form of the enzyme is
reduced to the NiC state and therefore NiSl is also a heterogeneous state of the
enzyme. The relationships between each of the NiFe cluster states in mesophilic
hydrogenases and in the hyperthermophilic enzyme are compared inFigure 4.12 and

Figure 4.13.
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Figure 4.12 The NiFe cycle in mesophilic hydrogenase (adapted from (de Lacey et al., 1997). H, (slow)

and H;, (fast): long (over 6 hours) or short (some minutes) incubation under H, atmosphere, respectively.
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Figure 4.13 The NiFe cycle in P. furiosus hydrogenase. (+D) : anaerobic incubation at 80 °C; (D) :
anaerobic incubation at room temperature. In both schemes, dashed boxes represent the (in)activation

cycle and whole boxes represent the active states.
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The comparison suggests that the hyperthermophilic and the mesophilic forms of
Ni-C/L are equivalent. However, our failure to detect a Ni-L EPR signal, and our
observation of ready relaxation of the NiC signal indicate a possible structurally
different surrounding of these Ni-states in P. furiosus enzyme.

The absence of EPR-signals from some of the predicted Fe-S clusters is
surprising. This may be due to cluster breakdown, very low reduction potentials or
undetectability of high spins. [4Fe-4S] clusters in hydrogenases are usualy difficult to
detect by EPR, showing extremely broad signals (Teixeira et al., 1989), or else
requiring coupling to Ni-C (Teixeira et al., 1985) or very low temperatures (Teixeira et
al., 1986) to be detectable.

The origin of the reducing equivaents involved in the temperature-induced
redox process is intriguing. The formation of disulfide bridges upon warming or a
purificatiorrinduced conformational change that would trap H, in a state where it might
transfer electrons to the protein are possible explanations to the observed temperature-
induced self-reduction of the protein. The ability to perform the cycle appears to be
sensitive to the purification conditions: if dithiothreitol is used as an G-scavenging
system instead of dithionite the temperature-induced changes are much slower. Since
dithiothreitol is a Cys-protecting compound this argues in favor of disulfide bridges

formation as the source of internal reductant.
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5.1 BACKGROUND

Pyrococcus furiosus reduces elemental sulfur, S°, (or polysulfides, S,S) to
hydrogen sulfide (Blumentals et al., 1990; Fiala and Stetter, 1986). The reduction is
nonobligate but growth by fermentation of peptides is greatly stimulated by the
addition of sulfur (Schicho et al., 1993). The physiologica role of sulfur reduction is
not clear; sulfur is thought to serve as an additiona electron sink (Hedderich et al.,
1999). Two sulfur reductases have been identified: sulfide dehydrogenase (Ma and
Adams, 1994) and sulfhydrogenase (Ma et al., 1993). However, a completely different
activity has also been established for each of these enzymes. Sulfide dehydrogenase
(SUDH) is aso a ferredoxin: NADP" oxidoreductase (FNOR) (Ma and Adams, 1994;
Ma et al., 1994), and sulfhydrogenase is also an NADPH-dependent hydrogenase
(Bryant and Adams, 1989; Ma et al., 1993). In fact, a magjor route of reducing

equivalents in mainstream metabolism has been proposed to bgMaet al., 1994):

fermentation = ferredoxin > FNOR(SuDH) = NADPH - sulfhydrogenase > H*

In this putative scheme the reduction of sulfur by SuDH and/or by
sulfhydrogenase could be optional branches. The bioenergetic significance of the H-
generating route and of its sulfide-generating branches is not clear.

EPR spectroscopic analysis has been interpreted in terms of one [3Fe-4S] cluster
and three additional Fe/S clusters with an S=1/2 signal in the reduced state i. e. 2Fe
and/or 4Fe clusters. We have extended the EPR anaysis on the purified enzyme. The
combined results now provide a consistent picture of all prosthetic groups of SuDH

including a [2Fe-29] cluster with a novel Asp(Cys)s binding pattern.
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5.2 THE PRIMARY STRUCTURE OF SUDH TRANSLATED FROM
THE GENOME

Ma and Adams have reported N-terminal sequences for the two subunits of
SuDH. A search of the P. furiosus genome for correspondence with these sequences
gives one positive for each, namely two subsequent openreading frames, which can be
identified as the structural genes for SUDH. Their complete translated sequence is given
in Figure5.1.

We propose to name the two open reading frames sudB and sudA; their
identification with SUDH is based on the following. The reported N-termini for the a
and b-subunit are RLIKDRVPTPERXVGY and LRKERLAPGINLFEIESPRI,
respectively. These correspond fully with the trandated sequences from the genome
except that the protein sequences start at position 3 and 5, respectively. Each of the
trandated gene sequences start with methionine; post-trandational modification may
have deleted this initial residue. Without the initial M (and also without prosthetic
groups) the trandated proteins SudA and SudB have molecular masses of 52598 and
30686 Da, where the masses for the a and b-subunit of purified SUDH, estimated from
SDS-PAGE, are 52.0 and 29.0 kDa, respectively (Maand Adams, 1994). The calculated
(Bjellqvist et al., 1993) pl's of thea and b-subunit are 7.3 and 7.2. The optical spectrum
and the phosphor elemental analysis of SUDH indicated the presence of two FAD (Ma
and Adams, 1994); SudA and SudB each contain putative binding sites for one flavin
and for one NADPH (see below). Preliminary EPR-spectroscopic analysis indicated the
presence of 34 Fe/S clusters (Ma and Adams, 1994); SudA and SudB contain three
putative binding motifs for Fe/S clusters (see below). SudB is strongly homologous to

HydG, the g-subunit of P. furiosus sulfhydrogenase, another sulfide dehydrogenase.
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SudA

0 MPRLI KDRVP TPERSVGERV RDFGEVNLGY SWELALREAE ﬂLgPVEYA
50 | KGEGPVHI NI PGFI KALR ENRDNPSKAV REALRI | WRD NTLPAI TGRV
100 lPQEEgEGA 'WGKVGDPI NI GKLERFVA DYAREHG DD ELLLEEI KG
150 KRNGKKVAI | GAGPAGLTCA ADLAKMGYEV TI YEALHQPG GVLI YG PEF
200 RLPKEI VKKE LENLRRLGVK | ETNVLVCKT | TFEELREEY DAI FI GTGAG
250 TPRI YPWPGY NLNGI YSANE FLTRI NLMKA YKFPEYDTPI KVGKRVAVI G
300 [GGNTAVMDAAR SALRLGAEVW | LYRRTRKEM TAREEEI KHA EEEGVKFMFL
350 VTPKRFI GDE NGNLKAI ELE KMKLGEPDES GRRRPI PTGE TFI MEFDTAI
400 | Al GOTPNKT FLETVPGLKV DEWGRI VWDE NLMTSI PGVF AGGDAI RGEA
450 TVI LAMGDGR KAAKAI HQYL SKEK

SudB

0 MFKI LRKERL APG NLFEI E SPRI AKHAKP GQFVM RLHE KGERTPLTTA
50 [PVDI SKGSI T [ VAQEVGKTT RELGIYEAGH Y! LDVL[GPLG KPSHI DYFGT
100 VWM GGGVGV AEl YPVAKAM KEKGNYVI SI LGFRTKDLVF WEDKLRSVSD
150 EVI VTITNDGS YGWKGFTTHA LQKLI EEGRK | DLVHAVGPA | MVKAVAELT
200 KPYQ KTVAS LNPI I\/_I\/EGT G I\/.G_AIRVTVG GEVKFA'VDG PEFDAHLVDW
250 DQLMNRLAYY RDLEKI SLEK WERERRW

Figure 5.1 Primary sequence of SudB and SudA, the b- and a-subunits of sulfide dehydrogenase as
translated from two contiguous open reading frames in the genome of P. furiosus Previously determined
(Ma and Adams, 1994) N-terminal protein sequences are in underlined italic. Putative iron-sulfur cluster
binding motifs are in underlined bold with the coordinating Cys and Asp marked in dark gray and black,
respectively. Putative binding regions for FAD are boxed and in light gray. Putative binding regions for
NADPH are boxed and in white.
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5.3 CHARACTERIZATION OF PROSTHETIC GROUPS THROUGH
SEQUENCE COMPARISONS

Sequence comparison using the BLAST protocol and CLUSTAL-X alignment,
complemented by direct inspection and judicious re-alignment, revealed each subunit to
consist of aflavin-binding part, a cofactor binding domain, and an Fe/S binding part. In
Figure 5.2A a Cys-rich sequence near the Gterminus of the b-subunit is compared to
homologous sequences. The SudB sub-sequence is also found in the genomes of
hyperthermophilic archaea Pyrococcus horikoshii and Pyrococcus abyssi and of the
hyperthermophilic bacteria Thermotoga maritima and Aquifex aeolicus. Remarkably,
the SudB sub-sequence is aso highly smilar to a sub-sequence in an unidentified open
reading frame from the genome of mesophilic Treponema pallidum, the causative
organism of syphilis. Both sequences are only dightly less similar to a second group of
sub-sequences that contain, amongst others, the b-subunit of Salmonella typhimurium
assimilatory sulfite reductase (Huang and Barrett, 1991) and the g-subunit of P. furiosus
sulfhydrogenase. The latter enzyme does not only have sulfide dehydrogenase activity,
but it is also known, from EPR spectroscopy and sequerce analysis, to contain a [2Fe-
25| cluster (see chapter 4). Both groups are homologous to a third group (50 sequences
in the Swiss Prot data base): the ‘plant-type’ [2Fe-2S] ferredoxins from plants and
algae. The latter homology is much weaker; it is limited to the consensus CxxGxCxxC
and CxxxP, and it is not readily discerned in computer sequence analysis. We conclude
that al the strict anaerobes and facultative anaerobes in Figure 5.2A have a protein that
carries a [2Fe-2S] cluster, which is a variant of the well known ‘plant type' ferredoxin
[2Fe-2S]. Furthermore, it appears that P. furiosus sudB and similar (see below) genesin
other hyperthermophiles, and the T. pallidum orf putative protein encode a hovel variant
in which the cluster is coordinated by three Cys and one Asp. The consensus for the two

groups is Mx(C/D)xxGxCxxC and Cx(D/E)GPxF.
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A) duster-1: [2Fe-29

220
213

SudB P. furiosus
HydG T. pallidum

248
t yphi muri um 235

HydG P.
AsrB S.

furiosus

Fd S. platensis 36

AV DGPEF
ViV DGP EF

| MK DGP VF
VIST DGP | F

TV AYPTG

NP1 MVPIG TG MEIG A (10X)
NTI MI [BGT G MG G[e(10X)
ERRMKIMG!| G K[eG H[e(10X)
ERRMAES VG K[Ec H[H( 6X
DLPYS[4RAGAMIS T[(28X)

Fd Spi nach 34 DLPYSIRAGS[S S[(28x) TM@MAAYPVS
B) Cluster-11: [4Fe-4S]

SudA P furiosus 35 ALREAERMLQEMPVEYAPM- - - | KG@EP
GXGAT  P. kodakaraensis 37 AVKEAERMLQEMPYEYAP[- - - | KG[®P
DPD pig liver 72 ALREAMRMLK[@M- AD- AP[®- - - QK S[9P
dtS A brasilense 41 ANEQANRMSQEGVPF- -[84- - - QVH[YP
dtS M sativa 1716 LLKQSARMMDMGTPF- -[@HQENSG[YP
AegA  E coli 220 AQREASRMLKM@MG-EHSV[®- - - EWT[®P
O Cluster-111: [3Fe-49]

SudA  P. furiosus 90 DNTLPAIMWMGRVEMPQEEQME GAMYV
QAT P. kodakaraensis 92 CNSLPATTGRVMPQEDOQE MN[®V
DPD pig |iver 119 DNPLGLTEMGMVMPTSDL [®V GG[®N
dtS A brasilense 89 TNNFPEIMGRI| MPQDRL[®E GNM@V
dtS M sativa 1767 TNNFPEFTGRVMPAP- - [®EGS[M®V
AegA E coli 268 TNTLPEITGRVMPQODRL[M®EGAM®T

Figure 5.2 Sequence comparisons of iron-sulfur cluster binding motifs in P. furiosus sulfide
dehydrogenase. In part A the putative [2Fe-2S] cluster Asp(Cys)s-containing motif of P. furiosus SudB
and of an unidentified protein in T. pallidum are compared to a similar (Cys)s-containing motif in P.
furiosus sulfhydrogenase and in S. typhimurium assimilatory sulfite reductase, and to the somewhat less
similar ‘classical’ [2Fe-2S] cluster binding motifs in algae and plants. In parts B and C the [4Fe-4S] and
[3Fe-4S] cluster binding motifs in P. furiosus SudA are compared to similar ones in proteins of the

glutamate synthaseclass.
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In Figure 5.2B and Figure 5.2C we compare two Cys-rich patterns near the N-
terminus of the SUDH a -subunit with homologous sequences. The figure is an extension
of a recent anaysis of cubane-binding patterns in a small class of ironsulfur
flavoproteins consisting of dihydropyrimidine dehydrogenase, DPD, and glutamate
synthase, GItS or GOGAT (Rosenbaum et al., 1998; Vanoni and Curti, 1999), an
uncharacterized regulatory protein AegA from Escherichia coli (Cavicchioli et al.,
1996), and here extended with sulfide dehydrogenase. The two Cys patterns appear to
define a novel binding motif for two low-potential cubanes. In DPD the two cubanes are
not reduced, not even by the light-excited deazaflavin/EDTA system (Hagen et al.,
unpublished). In Azospirillum brasilense GItS one of the two putative cubanes is not
guantitatively reducible with dithionite, although it is reducible with NADPH (Vanoni
et al., 1992). A similar behavior is found with SudA (see below). Interestingly, the first
Cys of the second pattern is replaced by threonine in several sequences. This C/T
modification occurs also within the GItS enzyme group. Unfortunately, none of the
proteins with Thr in this position has been studied in purified form, except for P.
furiosus SUDH. The initial EPR study by Ma and Adams strongly suggests that SUDH
carries one [3Fe-49] cluster (Ma and Adams, 1994). Since Thr is not known to be a
ligand for Fe/S clusters, we propose that the two sequences in Figure 5.2B and Figure
5.2C bind one [4Fe-4F] cluster and one [3Fe-4S] cluster in SUDH and in some GItS's. It
is not known whether the two binding motifs are consecutive in the primary sequence or
intertwined (e. g. as in 8Fe ferredoxins).

Putative non-covalent binding regions for FAD and NADPH have previously
been defined in GItS and DPD through sequence comparison. Homologous regions are
readily found in SudA (Figure 5.1) using the GItS'DPD consensus pattern of Vanoni
and Curti (Vanoni and Curti, 1999).

A different approach proved to be necessary for identifying binding regions in
SudB. A BLAST search for sequence similarity between SudB and well-characterized
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flavoproteins yielded scores on the borderline of significance. High similarity scores
were, however, obtained with flavoprotein sequences not yet characterized at the protein
level and with the product of hydG, the gamma subunit of P. furiosuss own
heterotetrameric hydrogenase (Pedroni et al., 1995). Therefore, binding domains were
searched for by alignment of SudB, HydG, and other HydG like proteins. Putative
binding domains in SudB have been indicated in Figure 5.1. The analysis shows that
there are atotal of five HydG like proteinsin P. furiosus (including SudB and HydG);
the HydG motif is also present five and four times, respectively, in the closely related
genomes of P. abyssi and P. horikoshii.

The region around the putative (Cys/Asp)(Cys)s binding motif for the [2Fe-2S]
cluster is of course highly conserved. Furthermore, severa Gly/Pro rich stretches show
significant mutual similarity including a few fully conserved amino acids. The boxed
stretches in Figure 5.1 (SudB) have been defined by computer aignment, visual
inspection, and comparison with onserved binding motifs for FAD and NADPH in
well-characterized flavoenzymes. The first light gray box is similar to the RLYSIASS
FAD-binding pattern in, e. g., ferredoxin: NADP" oxidoreductase, FNR (Karplus and
Bruns, 1994), nitric oxide synthase, cytochrome R-450 reductase (Bredt et al., 1991).
The first part of the second light gray box is similar to the LCVKRL FAD-binding motif
in FNR (Karplus and Bruns, 1994), and, following a fully conserved Gly, we ind the
fully conserved TXgGD motif previoudy identified in rubredoxin reductase and other
flavoprotein oxidoreductases to be involved in hydrophobic interaction and hydrogen
bonding with FAD (Eggink et al., 1990). The third light gray box is similar to the
GPVGK motif proposed as part of a possible ferredoxin binding domain in FNR
(Karplus and Bruns, 1994). The white fourth and fifth box, respectively, are similar to
the GTGIAP and YMCGLKGM fingerprints for binding of the ribose and adenine part
of NADPH by FNR (Bruns and Karplus, 1995; Karplus and Bruns, 1994; Serre et al.,
1996).
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In summary, the sequence analysis of the trandated sudB and sudA genes
indicates P. furiosus SUDH to carry one unusual [2Fe-2S] cluster with Asp as a ligand,
one [3Fe-4S] cluster, one low-potentia [4Fe-4S] cluster, two FADs, and two putative
binding sites for NADPH.

5.4 ISOENZYMES OF SULFIDE DEHYDROGENASE AND
SULFHY DROGENASE

There are five HydG like sequences in the P. furiosus genome. One corresponds
to the b-subunit of sulfide dehydrogenase, SudB. One corresponds to the g-subunit of
sulfhydrogenase, HydG. The other three have not been characterized yet at the protein
level. Inspection of flanking genes in the P. furiosus genome provides a putative operon
context (Figure 5.3), which, in turn suggests biological functions. SudY is a homologue
of SudB and defines the b-subunit of a second sulfide dehydrogenase. We have labeled
the structural genes sudX and sudY. They encode a putative ab-dimer of 52 plus 33
kDa. HydR is a homologue of HydG and defines the g-subunit of a second
sulfhydrogenase. We have labeled the structural genes hydP, hydQ, hydR and hydS.
They code for a putative a bgd-tetramer of 46 plus 31 plus 33 plus 26 kDa. Hydrogenase
activity is carried by the HydA subunit containing the dinuclear NiFe active site
(Pedroni et al., 1995). For completeness we note that the P. furiosus genome carries one
more homologue of the HydA encoding gene. However, the gene for this third putative
a-subunit appears to be part of a large operon, possibly consisting of 16 orfs, and
apparently encoding a membrane-bound complex with some homology to subunits of
mitochondrial NADH dehydrogenase. It does not contain a HydG-like subunit (not

shown).
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Orf3 is clearly not part of a sulfide dehydrogenase nor of a hydrogenase; orf3

may be part of a four-orf operon possibly encoding a pyruvate-formate lyase activating

system.
orf 1 orf 2 orf 3 orf 4
196 975 < | < @C:l 200 827
orf hydB hydG hydD hydA

860619 | > :C‘:D:> 867 811

of orf orf sudA sudB hydQ hydR hydS hydP

om0 e ] e

sudY orf

1 760 269 (::I <::<3 |::> 1764 265

Figure 5.3 Putative operon context for five Hyd-G like proteins in P. furiosus The context analysis

indicates that SudB and SudY are b-subunits of two ab sulfide dehydrogenase enzymes, HydG and HydR

are gsubunits of two abgd sulfhydrogenase enzymes, and Orf3 may ke part of a radical enzyme
activating system. The numbers give the left-hand and right-hand genomic addresses for the stretches

shown.
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5.5 CHEMICAL ANALYSISAND ACTIVITY OF SUDH

The dightly modified purification procedure, as described in the methods
section, resulted in a 182-fold purification and a specific NADH: benzyl viologen
oxidoreductase activity of 137 U when measured at 60 °C, which compares favorably
with the originally reported value of 160 U at 80 °C (Ma and Adams, 1994).

Elemertal analysis gave 8 + 1 Fe and 6 + 1 § per ab-dimer; earlier reported
values are 11 Fe and 6 S (Ma and Adams, 1994). Analytical chromatography of the
enzyme on a small Superdex 200 column, with As3s and Azgp monitoring, indicated an
approximate 10% contamination by a single, colorless protein (i. e. with no absorbance
at 436 nm), and this indicates that the Fe/S numbers of pure SUDH are dlightly higher:
approximately 9 Fe and 7 S, where 9 Fe and 10 S are predicted on the basis of the
sequence analysis.

Flavin was determined from the fluorescence spectrum of liberated cofactor and
from the increase in fluorescence upon incubation with Naja naja snake venom. This
method afforded 2.2 FAD per ab-dimer.

The purified SUDH was checked for NADPH-dependent glutamate synthase

activity, and this was found to be zero both at ambient temperature and at 60 °C.
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5.6 EPR MONITORED REDOX TITRATION OF THE FE/S
CLUSTERS

The enzyme as isolated isin an intermediate state of reduction: its EPR spectrum
changes both upon oxidation and reduction. In Figure 5.4 the middle trace, B, is the
spectrum of the as isolated enzyme. The signal has g values 1.786, 1.908, 2.035, and is
reminiscent of that of the Rieske-type of [2Fe-2S] cluster in the reduced, mixed valence
sate. Rieske clusters have protein ligation through two cysteines and two histidines.
The two His residues coordinate the iron ion that takes up the excess reducing electron.
Rieske clusters have relatively high reduction potentials, By, » -150 to +300 mV (Link,
1999), compared to the ‘regular’, four Cys coordinated ferredoxin-type [2Fe-29]
clusters which may have E;, » -650to 0 mV (Cammack, 1992) with typical valuesin the
-0.4 to -0.3 V range. The SUDH sequence does not have a binding motif for a Rieske
cluster, but it does have a putative Asp(Cys)s motif for an unusual [2Fe-29] cluster. The
EPR signal amplitude titrates with an &, in the range for Rieske clusters (see below).
We propose that the Rieske-like EPR signal of SuDH is from reduced cluster-1 (cf.
Figure 5.2), a [2Fe-2S]'* cluster with the excess electron localized on the iron
coordinated by Asp-216.

Upon oxidation with excess sodium ferricyanide (En, 7 = +360 mV) the [2Fe-29]
cluster signal disappears, and a different signal appears which is characteristic for
oxidized [3Fe-495] clusters (Johnson et al., 1999). Following the original proposa by
Ma and Adams (Ma and Adams, 1994) we assign this signal (Figure 5.4, upper trace A)
to oxidized cluster-111, a [3Fe-4S]** cluster with the regular binding motif (Cys)s (cf.
Figure 5.2).

Upon reduction of the as-isolated enzyme with visible light plus deazaflavin plus
EDTA (En <<-05V (Massey and Hemmerich, 1978)) the [2Fe-2S]* signd is not affected (or

only dlightly so; see below). On top of the signal we find a complex pattern of lines,
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Figure 5.4 EPR spectroscopy of iron-sulfur clusters in P. furiosussulfide dehydrogenase. The first three
traces give an overview of redox states; the last trace illustrates temperature dependent changes. The
vertical line is at the free electron g-value, g = 2.002 (335 mT). A: ferricyanide-oxidized protein. B:
enzyme as isolated in an intermediate redox state; C: light-reduced protein. D: equivalent to trace C but
taken at a higher temperature, showing that both the [2Fe-2S] signal and the [4Fe-4S] signal are lifetime-
broadened but still readily detectable at 50 K. EPR conditions. microwave frequency, 9395 +1 MHz;
microwave power, 3.2 mW (trace D: 80 mW); modulation frequency, 100 kHz; modulation amplitude,
6.3 mT (trace A: 4 mT); temperature, 12, 17, 17, 50 K, respectively.
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which, by exclusion, is assigned to the reduced cluster-11, a [4Fe-4S]'* cluster with
a four-cysteine binding motif. The two sequences GxXCPxxxxCxxxC and
RCxxCxsCxxxCP (cf. Figure 5.2) provide the ligands to the 3Fe and the 4Fe cluster.
They can be either sequential or intertwined. The translated sequence of the a-subunit
(cf. Figure 5.1) indicates that the 3Fe and the 4Fe clusters are in the same subunit and
probably close in space, therefore, the unusual shape of the EPR spectrum is likely to be
the result of dipolar interaction between the S=1/2 and S=2 spins of the [4Fe-4S]** and
the [3Fe-4S]° cluster, respectively. Such interaction spectra are well known for 7Fe
ferredoxins (Hagen et al., 1985).

The results of a redox titration in the presence of a mixture of redox dyes is
presented in Figure 5.5. The experiment affords several remarkable findings. The signal
of the [3Fe-4S]** cluster titrates with a reduction potential, B, g = +230 mV. This is
quite an unusually high value for a 3Fe cluster (reported By, values. -460 to + 90 mV
(Hagerhall, 1997). The [2Fe-2S] cluster titrates with By g » +80 mV an unusually high
value for a nonRieske cluster, although comparable values have been measured for the
[2Fe-2S] cluster in succinate dehydrogenase or fumarate reductase (Hagerhall, 1997).
The integrated signal intensity of the fully oxidized [3Fe-4S]** cluster is approximately
equa to that of the fully reduced [2Fe-2S]** cluster and corresponds to approximately
0.7-0.9 S=1/2 spins per heterodimer. The two high Ey-values explain why, in previous
work, oxidation with excess thionine (En » +60 mV) did not lead to complete
disappearance of the 2Fe signal nor to the complete development of the 3Fe signal (Ma
and Adams, 1994).
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Figure 5.5 EPR-monitored redox titrations of iron-sulfur clustersin P. furiosus sulfide dehydrogenase.
The [3Fe-4S] cluster was monitored at g, = 2.0165 () and the [2Fe-2S] cluster at g, = 1.908 (s). A
change in the [2Fe-2S] spectrum at low potentials was followed at the satellite line with g = 1.93 (1); its

appearance is presumably related to reduction of FAD. The [4Fe-4S] cluster is not reducible with sodium
dithionite.

The third signal monitored in Figure 5.5 is not from the third, [4Fe-4S] cluster.
Upon lowering the potential the g line of the [2Fe-2S] signal changes value slightly
from 1.908 to 1.906, and a satellite line appears at g = 1.93 (348 mT). It is the amplitude
of this satellite line that is plotted in Figure 5.5. The two lines have exactly the same
saturation behavior when measured at severa temperatures in the range 10- 50 K (not

shown). The total integrated intensity of the EPR spectrum does not change during this



The sulfide dehydrogenase 105

redox transition. This means that we are monitoring an EPR-undetectable redox process
through its effect upon the [2Fe-2S5] signal shape. Since reduction of the [4Fe-4S]
cluster should have lead to a doubling of the total integrated EPR intensity, we propose
that we monitor here the two-electron reduction of one or both of the FAD groups. The
[4Fe-4S] cluster is not reducible with dithionite, however, it is reducible with the
deazaflavin/light system (cf. Figure 5.4, third trace). The total integrated intensity of
this spectrum is approximately twice that of the reduced [2Fe-2S] cluster. Exactly the
same spectrum is obtained when the enzyme is incubated with excess NADPH.

The temperature dependence of both the putative [2Fe-2S] signal and the
putative [4Fe-4S] signal are unusual; this is illustrated in Figure 5.4, trace D. At 50 K
the [2Fe-2S] signal starts to broaden. Usually, signals from [2Fe-2S] cluster, be it of the
Rieske type or of the ferredoxin type, start to broaden at approximately 90 K, and they
are still readily detected at 105 K. The [4Fe-4S] signal also shows some broadening at
50 K. Usualy, [4Fe-4S] signals start to broaden at approximately 25 K, and they
become undetectable above 45-50 K. In summary, the spin-lattice relaxation rate at
elevated temperatures is unusualy high for the [2Fe-2S] cluster, and it is unusually low
for the [4Fe-49] cluster.

5.7 DiSCUSSION

A decade of dtructural studies on metalloproteins purified from archaea
hyperthermophiles has shown that their prosthetic groups do not grossly differ from
those found in bacterial or eukaryal counterparts. In some details, however, bioinorganic
chemistry has been enriched with novelties from the archaeal world. Examples are the
di-dithioleno pterin dimer of tungsten in P. furiosus aldehyde oxidoreductase (Chan et
al., 1995) and the [4Fe-45]®*" cubane with (Cys)sAsp coordination in P. furiosus 4Fe

ferredoxin (Conover et al., 1990; Hu et al., 1998). The present work on P. furiosus
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sulfide dehydrogenase adds to this list the first putative example of a [2Fe-25] cluster
with Asp(Cys); coordination and with the combination of physico-chemica properties
hitherto exclusively ascribed to Rieske-type clusters. Another new item is an apparently
regular [3Fe-49] cluster with an unusually high reduction potential. Also, the [4Fe-4S]
cluster of SUDH has an unusual EPR signal and has unusual reduction properties.

However, a smilar EPR signal has previously been found for a [4Fe-4S] cluster
in bacterial glutamate synthase (Vanoni et al., 1992), and similar unusua redox
properties have been found for [4Fe-4S5] clusters in mammalian dihydropyrimidine
dehydrogenase (Hagen et al., 2000). Since the SuDH exhibits significant sequence
homology to these enzymes, it may be worthwhile to use these sequence comparisons as
a starting point for the formulation of hypotheses on structural, functional and
evolutionary relationships between these proteins. With reference to the comparison
made in Figure 5.6 we propose that P. furiosus SUDH forms an archetypal iron-sulfur
flavoprotein, whose subunits each are a paradigm for a separate class of these proteins.
The SudB subunit carries the basic pattern found in a large class whose best known
example is probably the ferredoxin plus reductase system from plants and algae. The
SudA subunit carries the basic pattern found in asmall class of iron-sulfur flavoproteins
with iron-sulfur clusters of unusual properties, and for which crystallographic data are
not yet available.

For the P. furiosus SudA sequence the highest homology score was found with
glutamate synthase from Pyrococcus kodakaraensis KOD1. The structural gene for this
protein was identified by Jongsaregjit et al. using primers designed on the basis of
conserved motifs in nortarchaeal glutamate synthases (Jongsaregjit et al., 1997). Only a
single gene was identified, overexpressed in E. coli, and purified. The resulting protein

is a homotetramer from a single 53.3 kDa subunit. This complex has been identified as
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Figure 5.6 A graphical comparison of prosthetic-group binding motifs suggestively identifies P.
furiosus sulfide dehydrogenase, SuDH, as a member of two different flavo-iron-sulfur protein
'superfamilies. SudA is a paradigm for the GItS small subunit-like proteins (in wavy pattern), and SudB
is a paradigm for the 'plant-type' reductase + ferredoxin like proteins (in diagonal stripes + vertical dash).
Prosthetic groups are presented by symbols: brown cubes for [4Fe-4S], brown triangles for [3Fe-49], red
diamonds for [2Fe-29], yellow ellipses for FAD/FMN, a dark green diamond for the Ni-Fe dimer in
hydrogenase, and an orange cross for the siroheme in sulfite reductase. GItS, glutamate synthase
(Azospirillum brasilense); DPD, dihydropyrimidine dehydrogenase (porcine liver); SuDH, sulfide
dehydrogenase (P. furiosus); DHOD, dihydroorotate dehydrogenase (Lactococcus lactis); FNR,
ferredoxin: NADP" oxidoreductase (Spinach); Fd, ferredoxin (Spinach); Hase, sulfhydrogenase P.

furiosus); ASR, assimilatory sulfite reductase (Salmonella typhimurium).
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the first hyperthermophilic NADPH-dependent glutamate synthase, and it has been
named KOD1-GOGAT or KOD1-GlItA (Jongsaregit et al., 1997). Therefore, we have
tested purified P. furiosus SuDH for glutamate synthase activity. We have not been able
to detect any such activity. This is a puzzling result, but, if anything, it indicates that
assignment of function on the basis of primary structural homology only is a risky
matter.

The Ey's of two of the ironsulfur clusters of SUDH have relatively high values
per se it is aso not clear at all how these numbers relate to any of the biological
activities of the enzyme. The [4Fe-4S] cluster is not reducible with dithionite, however,
this appears to be a kinetic effect because reduction is readily afforded with NADPH.
Also, the putative reduction of FAD, monitored on the satellite line of the [2Fe-2S] EPR
spectrum has an En,= -320 mV, which would be in the ballpark for zero-vaent sulfur
reduction (En, 7= -272mV (Hemmingsen, 1992)). The E,'s of al prosthetic groups
taken together would not appear to define a particularly efficient link in a Hp-producing
chain. They could, on the other hand, be compatible with catalysis of reduction of
NADP" by P. furiosus ferredoxin (En, = -350 mV). This is consistent with our recent
conclusion, on the basis of kinetic analysis, that the physiological role of SUDH as part
of a Hy-producing chainis, at best, marginal (see chapter 6.3).

All this is said redlizing that working mechanisms for the different biological
activities of SUDH have not been formulated yet, and that it is not clear in how far
separate functions can be identified with separate subunits. Even intra-protein electron
transfer pathways are not readily obvious, and the temperature-dependencies of the
reduction potentials (cf. (Hagedoorn et al., 1999; Hagedoornet al., 1998)) are still to be
established for this intriguing enzyme complex. However, we speculate that the protein
will prove to be a criticd component of the novel sulfur metabolism system of

Pyrococcus furiosus and related hyperthermophilic archaea.
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6.1 THE CURRENT MODEL OF HYDROGEN PRODUCTION BY
P. FURIOSUS

It is known that the sulfhydrogenases from P. furiosus cannot use reduced
ferredoxin as an electron donor, but are able to oxidize NADPH to NADP" with
concomitant production of H, (Ma et al., 2000; Ma et al., 1994). The reducing
equivalents produced during glycolysis and peptide fermentation are however stored in
ferredoxin. It was therefore suggested that these reducing equivalents may be
transferred to NADP" (thus generating NADPH) by the sulfide dehydrogenase, which
can aso function as a ferredoxin: NADP" oxidoreductase (Ma et al., 1994). The
produced NADPH is then thought to reduce hydrogenase.

However, it has been shown that the reduction, catalyzed by enzymes, of protons
to Hy by pyridine nucleotides is possible only when the partial pressure of H is kept
below 0.1 kPa (Schink, 1997; Stams, 1994). P. furiosus is however able to grow under
H, accumulating conditions (pH, » 30 kPa) (Fiala and Setter, 1986). This apparent
inconsistency prompted this study on electron flow in pathways of Hy-metabolism.

The study shows the presence of a membrane-bound hydrogenase, which has
been partially purified and characterized. This novel membrane-bound hydrogenase
complex is able to produce large amounts of H using ferredoxin as an electron donor.
The results alow the formulation of a novel model of the hydrogen metabolism in P.
furiosus.

Sapra et al. have recently described the solubilization and purification of a
membrane-bound complex with hydrogenase activity from P. furiosus (Sapra et al.,
2000). In order to prevent contamination by cytoplasmic proteins and aggregation of the
solubilized membrane proteins rather harsh extraction and purification procedures
( washing the membranes extensively with a 4 M NaCl solution and addition of 2 M

urea to every chromatographic buffer) were used by these authors. Solubilization and
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purification apparently resulted in a heterodimeric protein with H production activity
from reduced artificial dyes. The authors found no H, production activity from reduced
ferredoxin. The protein was reported to contain 4.4 Fe and to exhibit Fe/S-cluster EPR,
although the sequence of the two subunits does not contain any putative iron-sulfur
cluster binding motif. The results presented in this chapter argue that the subunit
analysis of the membrane-bound complex isolated by Sapra et al. is probably not
correct, and that the harsh conditions used by these authors prevented the isolation of a

physiologically relevant complex.

6.2 KINETICS OF SOLUBLE SULFHYDROGENASE | AND OF
SULFIDE DEHY DROGENASE |

In Table 6.1 the kinetic parameters of SUDH and the sulfhydrogenase are presented.
The apparent Ky, and Vinex Values of SUDH for the benzyl viologen reduction by NAD(P)H
have been determined. The data are of the same order of magnitude as those published by Ma
and Adams (Ma and Adams, 1994), but the K, vaues for NADH and NADPH ae
sgnificantly different. The Ve of the NADP" reduction by reduced P. furiosus ferredoxin is
lower compared with the vaue reported by Ma and Adams (Ma and Adams, 1994). The
sulfhydrogenase catalyzes the H,-oxidation by NADP" about 10 times faster than the reverse
reaction: the H'-reduction by NADPH (Table 6.1). The proposed pathway from POR:-reduced
ferredoxin, via SUDH, NADP®, sulfhydrogenase, to H, was also reconstituted with purified
enzymes. 75 g reduced POR (cf. Materids and Methods), 14 miv Fd, 30 ng SUDH, 0.3 mM
NADP" and 10 ny sulfhydrogenase were incubated in a total volume of 1 ml. After 5 min a
linear Hy production of 58 nmol mint was observed. This is an activity of 5. 8 nmol H
produced min* (mg sulfhydrogenase)?, which indicates that the maximal specific activity of
the sulfhydrogenase with NADPH as electron donor can be obtained using SUDH as a
NADPH regenerating system.
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Enzyme Electron donor Electron Apparent Apparent K,
(mM) acceptor (MM) Ve (U/MgQ) (M)
Sulfide Fdrep (0- 0.02)  NADP' (0.3) 39+03{8P 18+05{0.7}
dehydrogenase
Fdrep (0.014) NAD" (0.3) 0.7
NADPH (0- 0.25) BV (1) B5+24{263} 77+ 13{11}
NADH (0- 0.25) BV (1) 85+9{182} 23+8{71}
NADH (0.3) BV (1) 16
NADPH (0.3) BV (1) 144
Sulfhydrogenase ~ Fdrep (0- 0.05) H* (10°°) 0
NADPH (1.5) H* (10°) 6
dithionite (10) MV (1),H" (10 96
%)
H,° MV (1) 420
H,° NADP" (1) 59
NADH (0.3) BV (1) 3
NADPH (0.3) BV (1) 81

Table6.1 Reactivity of purified sulfide dehydrogenase and sulfhydrogenase with different electron
donors and acceptors. All enzyme activities were measured at pH 8.0, except in the experiments used to
determine the kinetic parameters of the NAD(P)H reduction of BV catalyzed by SuDH. These
experiments were performed with 50 mM CAPS buffer at pH 10.3. ® When the electron donor
concentration was varied the value is an apparent Vma, Otherwise it is the activity at the indicated
substrate concentration. Units (mmol) are the transfer of the equivalent of two electrons from the donor to
the acceptor per min. ® Data in braces were taken from (Ma and Adams, 1994) for comparison. ¢ Pure H,
was used at a pressure of 120 kPa.
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6.3 WHOLE CELL ACETATE FERMENTATION AND ACTIVITIES
IN H, METABOLISM

The activities of SUDH and sulfhydrogenase must be high enough to account for
the flux of reductant observed in P. furiosus cells during starch fermentation. In the
absence of elemental sulfur the major fermentation products in growing P. furiosus cells
are acetate, CO, H and alanine (Fiala and Stetter, 1986; Kengen and Stams, 1994). The
maximal alanine production at a pH, of 60 kPa was 40% of the acetate formation (data
not shown), but the formation of alanine from pyruvate (derived from starch) is neutral
with respect of reductant usage/production (Kengen and Stams, 1994). Inspection of the
glucose fermentation pathway shows that, for each molecule of acetate produced, four
molecules of ferredoxin are reduced (Kengen et al., 1996). It is therefore possible to
determine the flux of reductant towards H* in whole cells from the rate of acetate
formation during growth.

In growing P. furiosus cells the effect was studied of the pH; in the gas stream
(0.17 | min® I'Y) on the rate of ferredoxin oxidation by H reduction by measuring the
acetate production. P. furiosus was grown at 90 °C in a 2-liter fermentor without
elemental sulfur in the medium. The maximum acetate production at a pH, of 0, 12, 24,
and 60 kPa was 0.71 £ 0.14, 0.58 + 0.13, 0.54 + 0.16, and 0.14 + 0.04 mmol acetate
formed min (mg protein)?, respectively. These data indicate that P. furiosus can
metabolize starch under H and they confirm the observation of Fiala and Stetter (Fiala
and Stetter, 1986) that P. furiosus is capable of growing under H, accumulating
conditions.

The rate of acetate production at 80 °C, the standard temperature of the
enzymatic assays, was 0.19 mmol min't (mg protein)™* (Table 6.2). The cells were grown
with 100% N, in the gas stream. These cells were used to prepare cell-free extracts.

Based on the acetate production, the activity of the enzymes involved in the disposal of
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substrate(s) or activity (product formed Enzymes involved

reductant min* mg protein)

starch 0.19 + 0.04 mmol acetate whole cells

pyruvate, CoASH 4.0+ 0.3 mmol MV g Cell extract: POR

NADPH 0.02 + 0.003 mmol H, Cell extract: sulfhydrogenase
H, (120 kPa) 0.12 + 0.02 nmol NADPH  Cell extract: sulfhydrogenase
Fdrep 0.62 + 0.08 mmol H, Cell extract: hydrogenase
Fdreo 0.14 + 0.01 nmol NADPH Cell extract: hydrogenase,

SuDH, sulfhydrogenase

Table6.2 Comparison of whole cell acetate formation with cell-free extract activities of enzymes
involved in the H-metabolism at 80 °C. The enzyme activities were measured at 80 °C and are the
average of at least three experiments. Starch catabolism is a whole cell activity. In cell extracts the
substrates and/or cofactors necessary to detect the indicated enzyme activity were present in the assay

mixture.

catabolically generated reductant as H, must be at least 0.38 nmol electron-pairs min™
(mg cell protein) (Table 6.2). The maximal activity of POR, a key enzyme of the
glucose fermentation pathway, was found to be high enough. The rate of NADPH
formation with reduced ferredoxin, an activity catalyzed by SuDH, is about the same as
the observed disposal rate. However, the activity of the second enzyme in the proposed
pathway, the sulfhydrogenase catalyzing the H production with NADPH as electron
donor, is only 5% of the disposal rate (0.02 versus 0.38 nmol H, mint mg protein?).
The activity of the sulfhydrogenase in this reaction in célls is clearly too low to support

acetate formation. Surprisingly, the overall reaction from reduced ferredoxin to H is
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catalyzed at arate of 0.62 units mg protein®. This rate even exceeds the estimated rate
of catabolically generated reductant. Since the soluble sulfhydrogenase shows no

activity with ferredoxin, another hydrogenase system must be active in the cdlls.

6.4 MEMBRANE-BOUND HY DROGENASE ACTIVITY.

Fractionation of the cell extract demonstrated that the ferredoxin-dependent
hydrogenase activity was associated with the cytoplasmic membranes. The apparent K,
for ferredoxin is 36 £ 7 mM. Surprisingly, the membranes showed a very bw H,-
oxidation activity with 1 mM methyl viologen or 20 miM oxidized P. furiosus ferredoxin
as acceptor. When combined with the soluble sulfhydrogenase | an effective NADPH

producing system can be reconstituted (Figure 6.1 and Figure 6.2). Both hydrogenases
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Figure 6.1 Reduction of NADP" by the joint activities of sulfhydrogenase | and the membrane-bound
hydrogenase. The membrane-bound hydrogenase was reduced by P. furiosusferredoxin (14 nM) was

generated with POR (75 ng mi™). The sulfhydrogenase was activated in 20 min at 80°C under an H;

atmosphere. Sulfhydrogenase concentration is constant and equal to 1 ng/ml.



The membrane-bound hydrogenase 119

30 4 o
S
g E ° 5
E- 201
=
T £

S o)

()]
<Z( Elo--

00 | | |

0 2 4 6

Sulfhydrogenase (ng/ml)

Figure 6.2 NADPH production by the joint activities of sulfhydrogenase | and the membrane-bound

hydrogenase. Membrane protein concentration is constant, and equal to 2 ng membrane protein /ml.

are necessary for the reduction of NADP™ by reduced ferredoxin. In both cases, the
maximal activity of each hydrogenase was obtained when the other hydrogenase was
present in excess. It is therefore possible that the soluble hydrogenase might function
primarily as an energy-saving device, by recovering the high-energy electrons
eliminated as H. The ability to reduce NADP* with H thus allows the organism to
have an additional source of electrons for regeneration of NADPH when other pathways

are not functional.
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6.5 PURIFICATION

After cell lysis a significant amount of H-production activity is found in the
membrane fraction of P. furiosus. This activity remains even after extensive washing (2
times 60 min at 200, 000 = g ) indicating that the enzyme responsible is firmly
associated with the membrane. The activity remains largely associated with the
membrane after treatment with Triton X-100, but it can be solubilized by incubating the
membranes with 2 % sodium deoxycholate. Long exposure to deoxycholate however,
leads to loss of activity. Therefore the protein was immediately precipitated with 25 %
ammonium sulfate, which is enough to precipitate >90% of the solubilized membrane
proteins and leads to minimum precipitation of soluble proteins still remaining in the
sample. The pellet was resuspended in 0.1% Triton X-100 containing buffer and
dialyzed in order to remowve sodium deoxycholate and ammonium sulfate. The results of

atypical purification are shown in Table 6.3.

Step Protein | Activity Sp. act. | Purificatio | Recovery (%)
(mg) (V) (U/mg) n (fold)
Membrane extract 1936 880 0.45 1.0 100
DOC extraction 1128 730 0.65 14 83
Q-Sepharose 157 280 1.78 39 32
Hydroxyapatite 32 135 4.18 9.2 15

Table6.3  Purification of the membrane-bound hydrogenase from P. furiosus The core complex was

purified from 100 g cells (wet mass).

We have consistently found membrane-associated hydrogenase activities one
order-of- magnitude less than those reported by Sapraet al. (Sapra et al., 2000). These
values are not due to lower amounts of hydrogenase in our membrane preparations. the

purified core complex aso has an activity (4.18 U mg™) one order-of- magnitude less
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than that reported by Sapra et al. (30 U mg?), athough the protein recoveries and
purification factors are very similar (cf. Table 6.3 with Table 2 in (Sapra et al., 2000)).
Also the H, evolution rate by sulfhydrogenase | and the H, evolution/ H, uptake ratio
reported by these authors are about ten times greater than the values determined by us
(see below). It has been previoudy argued (Pierik et al., 1992) that the hydrogen
production assay is very sensitive to changes in pH, electron donor concentration, buffer
composition, manometric vs. gas chromatography detection, etc. It is therefore possible

that these differences arise from unreported differences in the method used.

0.12

0.08

0.04 1

Absorbance at 410 nm

0.00

Eluent volume (mL )

Figure 6.3 lon-exchange chromatography of solubilized membrane proteins on a Source Q column

(volume=300 mL). Membrane-bound hydrogenase is the last protein to elute.
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6.6 SEQUENCE ANALYSES

A TBlastN search with the large subunit of E. coli hydrogenase-2 revealed three
open reading frames in the P. furiosus genome with a high similarity score. One of these
three sets of genes belongs to the gene cluster encoding the soluble sulfhydrogenase
(Pedroni et al., 1995) and the other to soluble sulfhydrogenase Il (Ma et al., 2000). The
third detected open reading frame encodes a protein very similar to the large subunits of
some membrane-bound hydrogenase. Using a combination of codon usage analysis and
ORF searches, a total of 14 contiguous genes were detected in this putative operon
(Figure 6.4 and Table 6.4). The operon has been recently identified by Sapra et al. to

encode the membrane-bound hydrogenase of P. furiosus; it has been named mbh (Sapra

et al., 2000).
mbh operon
1337413 1345434
A HcllE[Flq+ 1 >
4FeS  NiFe 8FeS
1350388 mbx operon 1360040

I M H HGFA

8FeS NiFe 4FeS

Figure 6.4 Organization of the putative operons in the genome of P. furiosus containing the genes that
encode the membrane-bound hydrogenase and its “mirror” complex. The single-letter names of the open

reading frames in the mbx operon indicate their high similarity with orfsin the mbh operon.
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Trandlation product

Gene
Size Membrane-
: : spanning
(O”Z‘:J';gp: ZXEI) A 03 predictedpl  helices
mbhA 167 18736 6.6 3
mbhB 84 9060 5.9 3
mbhC 124 13504 9.6 3
mbhD 96 10413 8.1 3
mbhE 99 11140 4.8 2
mbhF 148 15518 9.9 4
mbhG 117 12773 94 3
mbhH (nuoL) 510 54980 8.9 14
mbhl 115 13043 6.7 2
mbhJ (nuoB) 167 18284 6.0 0
mbhK (nuoC) 173 20184 5.0 0
mbhL (nuoD) 427 47934 6.6 0
mbhM (nuoH) 321 35388 9.5 8
mbhN (nuol) 139 15686 8.7 0

Table6.4  Predicted properties of the subunits of the membrane-bound hydrogenase from P. furiosus
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165 rRNA 3' ,JJCCUCCACUAGCUCGG- - - - &' mbhG TATTTAGGAGGIGGAAGTCATG

mbhH  AGCTTJAGGAGGI|T GAGAGGATG

*

mbhl  TTAAT[GGGAGGT|GGATGAAATG

mbhA ATGTTAAGGAGGI|TTGGCGATG

mbhB  GGGCTJAGGAGGI|TAGGGGCATG
*
mbhJ  CTACTAAGGGGGTGATAATTTG

mbhK  CCTGAGGAAGGTGAGGAAAATG
nmbhD  CCAAAGAGAGCTIGTTATTGATIG mbhL  TTCTGAGGAGGGAGAAGAAATG
mbhM  GTTCTAGGGGGGTGTGAATATG

mbhC  ATCTGCAGAGGAGATITIGCAATG

bhE  CTECTAGIETIGHAGOTCCATG

*
* mbhN  ACTTCTTGCATT|GGGGGTGATI|G
MbhF  OOCTGGAGGAGGGAGIAGAATG

Figure 6.5 Ribosome-binding regions preceding the open-reading frames in the mbh operon. In each
case, the initiation codon is underlined. Boxed regions are the ribosome-binding sites, complementary to

the 3’end of 16SrRNA from P. furiosus. Nucleotides marked with * participate in G: U base pairing.

All of these genes are preceded by ribosome-binding regions, as shown in Figure
6.5. Several subunits show high similarity to subunits from the CO-induced
hydrogenase from R. rubrum (Fox et al., 1996b), hydrogenase-3 (Bohm et al., 1990)
and 4 (Andrews et al., 1997) from E. coli, the Ech hydrogenase from Methanosarcina
barkeri (Kunkel et al., 1998; Meuer et al., 1999), and two putative membrane-bound
hydrogenases from Methanobacterium thermoautotrophicum (Tersteegen and
Hedderich, 1999). Striking homology is also observed with subunits of proton
trangocating NADH: quinone oxidoreductase (complex 1) from many sources. Below,
comparison with complex | subunits is made with reference to the nuo operon

(NADH: ubiquinone oxidoreductase) of E. coli (Lef et al., 1995; Weidner et al., 1993).
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A very similar operon (13 contiguous genes) is present ca. 6 kbp downstream of

mbh. As with the membrane-bound hydrogenase operon, all of these genes are preceded

by ribosome-binding regions, as shown in Figure 6.6, suggesting that this putative

operon is aso transcribed. We have named this operon mbx (Figure 6.4, and see below).

16S rRNA 3" dUCCUCCACUAGCUCGEC

mbxA

mbxB

mbxC

mbxD

mbxF

mhxG

* *
AACTIAGGGGGGCTGTGAATG

AEHTEATTTGRAT
AR

AANAGGAGQA@(;TGAGC]AAGAATG

*  *
CTTAGTT[GGTGIATGAGGTG

AA GGAGGT TG

nmbxH

mbxH

mbxJ

mbhx K

mbxL

mxM

mbxN

* *
AAGACIT ARGGAGGTTGAGAGGATG

*
TTCOGGGGGT GAAACTATG

* *
AGCT TG TCRCETCACERAAT
ACGHRCCAGT AT
*
CATTATTERAGITACACRAAATG
*
TATIGGIETGT GACRGATG
*
TTIGATIAGGT GAGGAAAATG

Figure 6.6 Ribosome-binding regions preceding the open-reading frames in the mbx operon. In each

case, the initiation codon is underlined. Boxed regions are the ribosome-binding sites, complementary to

the 3"end of 16SrRNA from P. furiosus. Nucleotides marked with * participate in G:U base pairing.
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6.7 DESCRIPTION OF THE MBH GENE PRODUCTS.

MbhA-G and Mbhl. These putative gene products present no relevant
similarities to any purified proteins, however the usage of “preferred codons’ in these
ORFs is close to the average in identified P. furiosus proteins. Furthermore, the
prediction of membrane-spanning helicesin all of these ORFs would be unlikely if they
were mere dtatistical artifacts. Very close homologues exist in the genomes of
Pyrococcus horikoshii  (mbhACEFGI), Pyrococcus abyssi (mbhABCEFGI) and
Thermotoga maritima (mbhABG). These subunits may have a role in anchoring the
complex to the membrane.

MbhH. This subunit shows 28% identity and 44% similarity to the CooM
subunit of the CO-induced hydrogenase from R. rubrum. A similar level of homology is
found with the B subunit of hydrogenase-4 from E. coli. The function of these subunits
is unknown. MbhH is a'so homologous to NADH dehydrogenase NuoL (E. coli labeling
(Leif et al., 1995; Weidner et al., 1993)) chains from many organisms.

MbhJ. The translated protein sequences of mbhJ-N are given in Figure 6.8.
Unlike the other ORFs (which use ATG as the start codon) mbhJ is predicted to start
with TTG (cf. Figure 6.5). The gene encodes a protein with high similarity to the small
subunits of the CO-induced hydrogenase from R. rubrum, hydrogenases-3 and —4 from
E. coli and to the Ech hydrogenase from M. barkeri (Kinkel et al., 1998). It is
considerably shorter than most small subunits from NiFe hydrogenases, but it contains
the four conserved cysteine residues predicted to bind the “proximal” Fe-S cluster
(Albracht, 1994) (Figure 6.7).

MbhK. MbhK shows moderate homology to the N-termina of HyfG (large
subunit of hydrogenase-4 from E. coli) and to NADH dehydrogenase NuoC chains. The

level of homology is much lower than that observed for MbhH.
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MhJ P.furiosus 38 S[[® N cI®( 62x) [[€] x f®4( 3x) €] (24x)

GCooL R rubrum 21 S[e NfCE®( 62x) €] x H®4( 3x) €] ( 24x%)

HynB D. gi gas 17 E 8 T[Ccg®( 89x) €] x ®4( 3x) [1€] ( 30x)
E [® T | c)e

HnB D.vulgaris 17 (91x) fe] x g 3x) Hel (30x)

Figure 6.7 Sequence comparisons of iron-sulfur cluster binding motifs in P. furiosus membrane-bound
hydrogenase “small” subunit. The putative [4Fe-4S] cluster motif of P. furiosus MbhJ and of R. rubrum
CooL (Fox et al., 1996b) are compared to a similar (Cys),-containing motif in typical Ni-Fe hydrogenase
small subunits viz. from Desulfovibrio vulgaris Miyazaki F (Deckers et al., 1990) and from D. gigas
(Voordouw et al., 1989).

MbhL. Analysis of the deduced MbhL protein sequence indicates moderate
similarity to the large subunit of some NiFe hydrogenases. The closest identified
protein sequence is EchE, the large subunit of the Ech hydrogenase from M. barkeri.
Alignment of the two sequences shows 41 % identity and 59 % similarity. The protein
is more closely related to NuoD subunits of complex | of various organisms than to
subunits of other Ni-Fe hydrogenases, however al four cysteines involved in the
coordination of the active site Ni-Fe cluster are present.

MbhM. MbhM shows high homology to CooK from the CO-induced
hydrogenase from R. rubrum, HycD and HyfC from E. coli hydrogenase-3 and —4,
respectively, and to the NADH dehydrogenase NuoH subunit from several organisms,
which have been proposed to be the site of proton translocation and energy coupling
(Yagi, 1987; Yagi and Hatefi, 1988). The high number of strictly conserved charged
residues present in these proteins (cf. Figure 6.8) argues in favor of such arole.

MbhN. This subunit is similar to CooX from the CO-induced hydrogenase from
R. rubrum and to the complex | Nuol subunit from several organisms. The sequence

comparisons show two conserved, canonical, ferredoxin-like CxxCxxCxxxCP motifs
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MbhJ

0 LTNNSERKRL EKRI AQLCKF | GRSPW/FHV NSGSENCEDI EI | AALTPRY
50 DAERFGVKLV GSPRHADI LL VTGPVTNQSL ERVKLVYEQT PDPKI VI Al G
100 ABPTGGSVFY ESPFTNAPLD RI | PVDVFVP CG8PPRPEAI L HGVVLALEKL
150 AKM KGEVPP EECGEENE

MbhK

0 MSKAEMVANK | KERFPNAEV VWKTNKWGRE RVW/RI SREE YKELMKFI RE
50 LDPEAHYSI G | EQDWGDELG FLNHI LLFYD EPPGVSLLI D VHAPKDNPVL
100 PDTSDI FPI S LQFEREGVEM VGLDFEGAPD KRRLFLPDDF PEG YPLRTD
150 EKGVPEEMVK NAGHPYLLRR EKK

MbhL
0 MKKVEYWVKI  PFGPI HPGLE EPEKFI | TLD GERI VNVDVK LGYNLRGVQW
50 | GVRRNYVQ MYLAERMSG [@SFSHNHTYV RAVEEMAG E VPERAEYI RV

100 | VGELERI HS HLLNLGVVGH DI GYDTVLHL TW.ARERVMD VLEAVSGNRV
150 NYSWTI GGV RRDI GEKCQKR LI LDM KYYR EVLPQ EDVF LHDSTI EARL
200 RDVAVVPKKL Al EMGAVGPT ARGSG KEDS RWSEQLGVYP DLG KPVTPE
250 DVTGEKARGD VYDRMAVRI G ELWMSLDLLE HALDQWPEGK | KTFPKDNI L
300 VAKLKLLGDG EG GRYEAPR GELVHYVRGQ KGRDGPVRVWK PREPTFPNLF
350 TI AKALEGNE LADLVWVAI AS | DPELSETDR VAI VKEGKKV VLTEKDLLKL
400 SI EKTKEI NP NVKGDPTPTG | GCSRGV

MbhM
0 MIEVYGVI GL T LI YI YVSW SLLHESG DRK LVARMORRI G PPI LQPFYDF

50  LKLMSKETI| PKTANFMEKA APILMLATVI ALLAYTPLGF PPl FGTKGDI

100  [VFTYLLTLA DFFLVWGVNS SGSPYGR! GA ARG ALLVSR
150 EKPFSLSSLY EHTI WOFGPV. AWAGVVLI Y VFNVAVLASEE!

200  EVGFFNI PEA EQEI AEGTLV EYSGRYLG | KLAESI KEFT_AASLWVAVLH|
250 [PWRINIPGVQ [GYLTNLLLHT LKVFTVLLVS KTl FRTI TGR LKI SQAVNLL]
300 [WIRVETASVI GALLLALIGVM L

MbhN
0 M RLPLLPTV | KNLFKKPAT NPFPKTEPVP VPEDFRGKLV YNVDKEVGER

50  MEVTVEPAGV FVYLPEI RKV TLW GREVMS KJEVDVEPTA ALQVBDEFLL

100 ASYDKYDAKL | YLTPEEAED | KKKLEEANK AKAEKQASK

Figure 6.8 Amino acid sequences of the Mbh JKLMN subunits. N-termini identified by Edman
degradation in MbhK and MbhL are underlined; predicted membrane-spanning helices in MbhM are
boxed; charged residues in MbhM that are conserved in other membrane-bound hydrogenases and
complex | proteins are shown in bold (italic denotes conservation only within hydrogenases); metal-
coordinating cysteine residues are shaded; the highly conserved [4Fe-4S] cluster binding-motifsin MbhN

are underlined.
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strongly suggesting the presence of two regular [4Fe-4S] cubane clusters in this subunit.
A T-rich region (possibly atranscription termination signal) is present 6 bp downstream
from the stop codon of this subunit.

An additional lone openreading frame is present 121 bp downstream from the
stop codon of mbhN. The C-terminal of this ORF shows 43% similarity (22% dentity)
to 3phosphoadenosine-5-phosphosulfate (PAPS) sulfotransferase from Synechocystis
p.. The key KXECG(I/L)H conserved amino-acid cluster involved in the catalysis
(Berendt et al., 1995) is however absent. It is unlikely that this GRF belongs to the
membrane-bound hydrogenase gene since all other subunits are consecutive or even
overlapping. The absence of a ribosome-binding site in the sequence just upstream of
the starting codon and the possible transcription termination signal after mbhN give
credence to this hypothesis.

Assuming 1:1 stoichiometry of all 14 subunits, the assembled complex is
expected to have a molecular mass of 297 kDa and to contain three [4Fe-4S] clusters

and one dinuclear [NiF€] cluster.
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6.8 N-TERMINAL SEQUENCING.

The N-terminal sequences of two subunits of the partially purified membrane-
bound hydrogenase were determined after they were separated by SDS-polyacrylamide
electrophoresis. These are as follows (where X is an unknown residue)
MKKVEYWVKIPFGPIHPGLEEPEKFIITLD-
aadKAEMVANKIXERFPNAEVVYVGDN . The first sequence
corresponds exactly to the N-terminal of the MbhL subunit, the Ni-Fe-cluster containing
“large” subunit. The second sequence is amost identical (two misidentified amino-
acids) to the N-terminus of MbhK (cf. Figure 6.8). Several other subunits were apparent
in the gel. Some of those were too close to be excised without contamination from
neighboring bands. The N-terminal sequencing of four of these proteins showed
sequences that are not present in the proposed membrane-bound hydrogenase operon. A
search of the available genome using these N-terminal as probes, allowed confirmation
of their origin as contaminating P. furiosus proteins. One is a putative leucine-
responsive element, and the other three have no homology with any protein with an

established function.
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6.9 ENZYMOLOGY.

6.9.1 General properties

Hydrogen formation was assayed with dithionite-reduced methyl-viologen as an
electron donor. This activity was found to be insensitive to a three-hour O,-exposure of
the sample and to have a pH optimum around 6.8. The characteristics of the membrane-
bound hydrogenase have proven to be quite interesting. Even though the enzyme
appears to be an NiFe hydrogenase based on its large-subunit sequence, its properties
differ significantly from those of most other NiFe hydrogenases. The ratio of Hy
evolution activity to H uptake activity in crude extracts, as well as in the partialy
purified enzyme, is very large compared to that of other enzymes. Most NiFe
hydrogenases favor H uptake over evolution and exhibit an H evolution/H, uptake
ratio of much less than unity. The 250:1 ratio of evolution to uptake for the P. furiosus
enzyme (measured at pH 7.4) is one order of magnitude larger than the one observed for
the membrane-bound hydrogenase from Hydrogenovibrio marinus, the most extreme
ratio observed so far (Nishihara et al., 1997). Hy-uptake activity does not show a
significant increase at physiological pH when using benzyl viologen instead of methyl
viologen as el ectron acceptor.

The isolated core complex was able to evolve Hy from reduced P. furiosus
ferredoxin (Figure 6.9). Hy evolution did not occur if POR, ferredoxin or purified
hydrogenase were absent. Under the conditions used the activity increased linearly with

the amount of ferredoxin.
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Figure 6.9 H, evolution from ferredoxin-reduced Mbh-core complex. (D) 7 nmol Fd; (@) 10 nmol FD;
() 20 nmol Fd. Ferredoxin was reduced in situ by the POR system ( 10 mM pyruvate, 1 mM MgCl,, 0.9

mM CoASH, 0.9 mM dithiothreitol, 60 nmg POR), and H, evolution was measured by gas
chromatography. The purified hydrogenase comp lex was 170 ng protein/ml.

6.9.2 COinhibition.

Most hydrogenases are extremely sensitive to inhibition by CO. Hy-evolution by
the Mbh hydrogenase is however only dlightly inhibited by CO. The inhibition curve
shows approximately 40 % inhibition at 100 % CO (» 860 nM), whereas, €. g. , the D.
gigas enzyme is 50% inhibited with only 35 nmM CO. This membrane-bound
hydrogenase thus joins the soluble sulfhydrogenase from P. furiosus (Bryant and
Adams, 1989), the CO-induced hydrogenase from R. rubrum (Fox et al., 1996a) and the
soluble hydrogenase from Ralstonia eutropha (Schneider et al., 1979) in the restricted
group of CO-tolerant hydrogenases. A possible physiological relevance of this is not
evident, since no reports on the metabolism of P. furiosus mention arole of CO. On the

other hand, since H, and CO are predicted to bind at the same site, it is possible that the
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low affinity for CO is simply a reflection of the low affinity of the membrane-bound

hydrogenase for Hs.

6.10 INHIBITION BY DCCD.

N, N’-dicyclohexylcarbodiimide, DCCD, is a covaently carboxyl-modifying
reagent that attacks specifically acidic amino-acids in hydrophobic domains (Solioz,
1984). It has been shown to inhibit the methyl- viologen-dependent H-evolution by the
CO-induced hydrogenase from R. rubrum (Fox et al., 19964). The similarity of this
hydrogenase to the membrane-bound hydrogenase from P. furiosus suggested that the
latter might also be inhibited by DCCD. Indeed, upon pre-incubation of the protein at

room temperature in the presence of DCCD a significant decrease of the activity was

100 1~
80 ~

60 A

activity (%

40 A

20 A

JH B = O

0 25 57 90
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Figure 6.10 Effect of DCCD on the Hj-evolution activity in P. furiosus membranes. Dark gray:
membranes incubated with 1.25 mM DCCD (10 m of a 50 mg/ml solution in ethanol) at 80 °C; Light
gray: membranes incubated with ethanol (10 ) at 80 °C.
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observed. Moreover, incubation of the protein in the presence of DCCD at 80 °C leads
to a much faster and more drastic inactivation (Figure 6.10), possibly due to increased
accessibility of the relevant amino acids as a result of increased backbone flexibility.
The likely target for inhibition by DCCD is MbhM, which is smilar to the R.
rubrum CooK and to the subunit 1 family of NADH dehydrogenase (complexl).
Proteins of this family are probably involved in proton trandocation and energy
coupling (Yagi, 1987; Yagi and Hatefi, 1988), and have been shown to be inhibited by
DCCD. It is likely that MbhM is also involved in similar processes. The membrane-
bound complex is quite thermostable (with a half-life at 80 °C of approximately 3 hours)
which rules out the possibility that the faster decrease in activity upon incubation with
DCCD a 80 °C is due to protein denaturation. The isolated core complex is
significantly less thermostable, with a half life at 80 °C of only 35 minutes, which
suggests that some of the subunits lost during the purification may have a role in
protecting the protein against denaturation. The isolated core complex is also

susceptible to inhibition by DCCD.
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6.11 EPR SPECTROSCOPY.

From +200 mV to —250 mV (vs. SHE) no signals were detected in the Mbh
hydrogenase by EPR spectroscopy. Upon reduction of the protein to potentials below —
300 mV (vs. SHE) redox equilibrium proved impossible to attain. This is probably due
to H' reduction by the hydrogenase, as observed with other hydrogenases (Pierik et al.,
1992). At these potentials, a weak signa characteristic for two interacting [4Fe-49]
clusters (Mathews et al., 1974) was observed. Reduction of the hydrogenase with excess
dithionite at room temperature in the absence of redox mediators alowed the

observation of this signal with asignificantly higher intensity (Figure 6.11).

dX"/dB

235 285 335 385 435
B/mT

Figure 6.11 EPR spectrum of dithionite-reduced Mbh hydrogenase core complex from P. furiosus The
sample contained 34 mg/ml hydrogenase in 20 mM Tris/HCI, pH 8.0. The conditions of the measurement

were: microwave power: 50 mW; microwave frequency, 9.22 GHz; temperature, 19 K.
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The higher stability of the signal under these conditions is probably due to the
low Hj-production activity from dithionite in the absence of redox mediators. No
additional signals were detected upon reduction of the protein with deazaflavin and
light. The signal disappeared upon anaerobic incubation of the protein at 60 °C, which is
consistent with the clusters putative role in relaying electrons to the active site in order
to reduce protons to Ho. In spite of the inability to obtain a fully reduced sample in the
redox titration, comparison of the results obtained with a dithionite-reduced sample
allowed the estimation of a potential of approximately —0.33 V for the reduction of the

two interacting clusters, i. e. within the usual potential range for these centers.



The membrane-bound hydrogenase 137

6.12 A PUTATIVE FOURTH HYDROGENASE IN P. FURIOSUS

Using the MbhL amino-acid sequence as a probe, a fourth hydrogenase
containing operon was found in the genome of P. furiosus about 6 kbp dwnstream
from the mbhABCDEFGHIJKLMN operon (see Figure 6.4). Like the membrane-bound
hydrogenase, this complex is expected to coordinate three [4Fe-4S] clusters. Almost
every subunit in this operon is more similar to the corresponding subunit in the mbh

operon than to any other known protein (except homologs in other Pyrococcus species).

Pfur HydA 63 1 s FEs A A (343x) ol sl&ls v H
Pfur ShyA 58 - 1f&@AlfEY 1 A (332x) ol siels v H
Dgi g HynA 63 - Al@GVET YV (455x) ol Al®lGVH
Rrub CooH 61 vigs L[&s N s (281x) ol sie|T ER
Pfur MohL 66 M&lG I [&s F s (304x) oL sie|T DR
Pfur MoxL 83 | (299x) N (& P D R
Paby 0495 86 | (299x) N (& P D R
Phor 1447 86 | (299x) N (& P D R
Tmar 1216 86 | (297x) vie A D R

Figure 6.12 Sequence comparisons of the Ni-Fe cluster binding motifs in P. furiosus membrane-bound
hydrogenase “large” subunit MbhL and in MbxL with the well-characterized Ni-Fe binding motifs in Ni-
Fe hydrogenase “large” subunits fromR. rubrum(Fox et al., 1996a), Desulfovibrio gigas, (Deckers et al.,
1990; Volbeda et al., 1995) and P. furiosus sulfhydrogenases | (Pedroni et a., 1995) and Il (Ma et al.,
2000), and with genesin P. abyssi (PAB0495), P. horikoshii (PH1447), and T. maritima (TM 1216).

However, in MbxL (the homologue to the hydrogenase large subunit) the Ni-Fe

binding motif deviates from the commonly observed consensus (see Figure 6.12): in
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each of the two NiFe coordinating CxxC motifs the second cysteine (which normally
provides the ligands bridging between the nickel and the iron ions) is replaced by an
acidic residue. Additional proline residues are also present in the motifs. These residues
may have arole in distorting the polypeptide chain in order to allow metal coordination
by the carboxylato residues. The putative carboxylato-bridged NiFe cluster is not
unique to P. furiosus. Genes coding for similar binding motifs are also present in the

genomes of P. abyssi, P. horikoshii, and T. maritima (Figure 6.12).

6.13 DiSCUSSION

The genome of the archaeal P. furiosus has four different and separate open
reading fames with significant homology to the large subunit of well characterized
bacterial NiFe-hydrogenases: hydA (Pedroni et al., 1995), hydP/shyA (Maet al., 2000),
(see dso 5.4), mbhL, and mbxL. The first two each encode a Ni-Fe-cluster carrying a-
subunit of an a bgd-heterotetrameric soluble sulfhydrogenase, i. e. a complex ironsulfur
flavoprotein with both sulfur reductase and hydrogenase activity (Ma et al., 2000;
Pedroni et al., 1995). The expression product of the third orf, mbhL, is presumably part
of avery different complex, namely a large, multisubunit transmembrane system, which
we hypothesize to act as an energy transducing system coupled to proton-based
respiration. This hypothesisis presently based on the following still limited information:
the essentially unidirectional nature of the hydrogenase as a ‘hydrogen synthase', the
inhibition of this activity by DCCD, the predicted extensive membrane spanning of the
product of the mbhA-N operon, and the homology of individual subunits, in particular
MbhM, to subunits of the protontranslocating NADH: Q oxidoreductase complex.
Severa multi-subunit membrane-bound hydrogenases with high similarity to
NADH: quinone oxidoreductase have been proposed previously to be involved in

energy transduction under certain growth conditions. Proton transocation has been
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suggested to occur through the CO-oxidizing, H, producing complex of R. rubrum
when grown CO-dependent in the dark (Fox et al., 1996a). The Hy-evolution activity
was aso shown to be inhibited by DCCD (Fox et al., 1996b). Similarly, the Ech
hydrogenase of M. barkeri has been proposed to function as a proton pump when
producing H during acetate-dependent growth (Meuer et al., 1999). Two gene groups
in the genome of M. thermoautotrophicum each encoding a putative multisubunit
membrane-bound hydrogenase have been suggestively named eha and ehb for energy
converting hydrogenase A and B (Tersteegen and Hedderich, 1999). Energy converting
hydrogenase B subunits show homology to mbx subunits ABDFGHILMN and to
MbhAEFGJL. Eha homology is however limited to the JL subunits of both
hydrogenases, and to mbxN (which encodes a 2 [4Fe-4S] ferredoxin).

The product of the fourth orf, mbxL, has not been characterized yet beyond the
level of genomic inspection. Orf mbxL is part of a putative large operon
mMbxABCDFGHH'MJKLN, which is a ‘mirror’ of the mbhA-N operon, therefore it
putatively codes for another energy transducing membrane complex.

The MbhL-containing complex was isolated from the membranes and partialy
purified under mild conditions in an attempt to maintain integrity a. 0. with a view to
future studies on its bioenergetics. The exact subunit composition and stoichiometry of
the complex is not known, however, it presumably contains at least the MbhJKLMN
core: the N-terminal sequence of MbhK and MbhL were identified on extracted subunits
after SDS-PAGE; the two [4Fe-4S] cubanes of MbhN were putatively identified in EPR
spectroscopy; the MbhJ subunit with the ‘proximal’ iron sulfur cluster for eectron
transfer to the Ni-Fe-cluster should be present because the complex catalyses H»
production; at least one membrane-spanning subunit is expected to be present because
detergent is required to keep the complex in solution; the MbhM subunit is a reasonable
candidate because it would — by analogy with NADH dehydrogenase - confer DCCD

sensitivity to the complex.
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Isolation of a different core complex of membrane-bound P. furiosus
hydrogenase has recently been described by Sapra et al. (Sapra et al., 2000). Extraction
from the membrane after repeated washing with up to 4 M NaCl and chromatography in
the presence of 2 M urea resulted in a complex that has lost the ability to evolve H
using reduced ferredoxin as electron donor. The purified isolate was claimed to be a
stoichiometric complex of MbhK and the NiFe-cluster binding MbhL. However, this
appears to be incompatible with the observation by the same authors of an EPR signal
characteristic for iron-sulfur cluster(s). Thus, the composition and functionality of this
complex is not clear. A soluble electrontransfer chain in P. furiosus has been proposed
by Adams and collaborators (Ma et al., 1994) for the generation of molecular hydrogen
from reducing equivalents derived from fermentation: pyruvate oxidoreductase, POR,
reduces ferredoxin, Fd, which reduces sulfide dehydrogenase, SuDH, which reduces
NADP", which diffuses to sulfhydrogenase | to produce H,. The kinetic data presented
in the present paper argue against this hypothesis: the overall activity of the soluble
chain is too low to sustain fermentation of glucose to acetate. As an aternative
hypothesis we propose proton respiration coupled to energy transduction in a
transmembrane ‘ hydrogen synthase’ complex as outlined in Figure 6.13. The originaly
proposed route through SuDH and hydrogenase| could then function as a safety valve
for the disposal of excess reducing equivalents as H, an option that would not be
available via the tightly coupled energy transduction system. Furthermore, the SuDH
branch can produce NADPH for biosynthetic purposes. Additionally, the soluble
hydrogenase can save energy by also producing NADPH from the ‘waste’ product of

respiration, Ho.
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Figure6.13 A working hypothesis of H,-metabolism in P. furiosus.
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7.1 THE RELEVANCE OF SEQUENCE COMPARISONS

Comparative analysis of amino acid sequences of hydrogenase subunits has
afforded remarkable insights concerning the evolutionary relationships, cofactor
composition and active site ligands (Przybyla et al., 1992; Voordouw, 1992; Wu and
Mandrand, 1993). In 1992, Przybyla et a. correctly predicted (Przybyla et al., 1992),
based on sequence comparisons, that the nickel-containing active site was borne by the
large subunit, and that the small subunit harbored the iron-sulfur clusters. Although the
different genes for the large subunits may possess only superficial amino acid
homology, the presence of two conserved motifs (postulated to bind the active site
nickel) enables their unambiguous identification as hydrogenases. The cysteine residues
in these two motifs (RXCXXC and DPCXXC) were later confirmed as the ligands to
the [NiFe] active site in hydrogenases. In each motif, the first Cys residue binds the Ni
atom only, and the second Cys bridges Ni and Fe (Volbeda et al., 1995).

Wu and Mandrand (Wu and Mandrand, 1993) anayzed al hydrogenase
sequences available to date, and classified them into six classes according to sequence
homologies, metal content and physiological function. The first class contains the Ha-
uptake membrane-bound NiFe-hydrogenases; the second comprises four periplasmic
and two membrane-bound H,-uptake NiFe(Se)-hydrogenases from sulphate-reducing
bacteria; the third consists of four periplasmic Fe-hydrogenases from strict anaerobic
bacteria; the fourth class contains methyl-viologen-(MV), factor Fazo- (F420) or NAD-
reducing soluble hydrogenases, the fifth is the Hj-producing labile hydrogenase
isoenzyme 3 of Escherichia coli; the sixth class contains two soluble tritium-exchange
hydrogenases of cyanobacteria. Specific signatures of the six classes of hydrogenases as
well as of some subclasses were aso detected by these authors. Fs20-reducing, Fa20-non
reducing and NAD-linked hydrogenases were recognized as very closely related, though
sufficiently different to allow their classification into subclasses. Although signatures

allowing the distinction of F-reducing from nonF4o0-reducing hydrogenases were
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found, no signatures for NAD-linked hydrogenases could be found, since at the time
only ore sequence of this kind of hydrogenase was known. The same happened
regarding the complex membrane-bound hydrogenases.

Since these studies many new hydrogenase sequences have become known,
including sulfhydrogenases, NAD-linked hydrogenases, and complex membrane-bound
hydrogenases. Complex membrane-bound hydrogenases have very often been
mislabeled as NADH: ubiquinone oxidoreductases in severa genome sequencing
projects, including that of P. furiosus, due to its very low similarity to common
hydrogenases.

Severa of these sequences have therefore been studied in order to identify
features that might assist in recognition of related proteins. Signatures allowing the
reliable digtinction between closely related subclasses (Fazo-reducing, Fazo-non
reducing, NAD-linked and sulfhydrogenases) and between membrane-bound
hydrogenases and complex | proteins have been found. Besides their obvious utility in
assisting and speeding up automatic genome annotation projects, several of these
signatures seem to suggest possible explanations for the absence of EPR signals due to

Fe-S clusters in some of these proteins.

1.2 PHYLOGENETIC RELATIONSHIPS BETWEEN THE SELECTED
HY DROGENASES

In order to be able to test the consensus motifs found in the hydrogenases only
some of the most recently available hydrogenase sequences of each of the disputed
(sub)classes were selected for comparison. The sequences not included in the
comparison thus form a testbench to evaluate the universality of the consensus motifs

discovered. The degree of confidence on the use of a motif will be as high as its ability



The molecular diversity of hydrogenases 147

to correctly identify every available sequence of a given class, even those not included
inthe original set.

The sdlected hydrogenase were: the "energy-conserving” hydrogenases of
Methanobacterium autotrophicum (Tersteegen and Hedderich, 1999), the CO-induced
hydrogenase from Rhodospirillum rubrum (Fox et al., 1996b), the Ech hydrogenase
from Methanosarcina barkeri (Kunkel et al., 1998), the membrane-bound hydrogenase,
sulfhydrogenases (Ma et al., 2000; Pedroni et al., 1995) and mbx hydrogenase from P.
furiosus (see section 6.7) and homologs from Thermotoga maritima (Nelson et al.,
1999), P. horikoshii (Kawarabayasi et al., 1998) and P. abyssi (Genoscope, 2000), the
sulfhydrogenase from Thermococcus litoralis (Rakhely et al., 1999), hydrogenase-3
(B6hm et al., 1990) and —4 (Andrews et al., 1997) from E. coli, the hydrogenase from
Acetomicrobium flavidum (Mura et al., 1996), the bi-directional hydrogenases from
Anabaena variabilis (Schmitz et al., 1995) and Synechocystis sp. (Appel and Schulz,
1996), the NAD-reducing hydrogenase from Ralstonia eutropha (Tran-Betcke et al.,
1990), and the F420-reducing and F420-nonreducing hydrogenases from Methanococcus
voltae (Halboth and Klein, 1992), Methanococcus jannaschii (Bult et al., 1996),
Methanobacterium thermoautotrophicum strain DH (Reeve et al., 1989; Alex et al.,
1990) and Methanothermus fervidus (Steigerwald et al., 1990).

The selected sequences of the small and large subunits were initialy aligned to
each other using ClustalX (Thompson et al., 1997) and Gonnet’s scoring matrices
(Gonnet et al., 1992). Phylogenetic trees were built to show intimate relationships
between the different hydrogenases. Further analysis was carried out separately with the
hydrogenases from each of the major divisions revealed by the phylogenetic trees.
These divisions very closely correspond to the functional distinctions between these

hydrogenases revealed from biochemical characterization.
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Figure 7.1 Phylogenetic tree of the sequences of the small subunits of the hydrogenases studied in thiswork.
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7.3 NAD-LINKED HY DROGENASES

NAD™-linked hydrogenases are usually tetrameric enzymes composed of two
heterodimers, one of which has hydrogenase activity and another with NAD(P)H:
acceptor oxidoreductase (diaphorase) activity. The hydrogenase from Acetomicrobium
fervidum has been included in this group due to its high similarity to the hydrogenase
from R: eutropha, even though the purified hydrogenase only contains two subunits and
no data are available regarding a possible diaphorase activity (Mura et al., 1996). The
operon of this hydrogenase has been only partially characterized, and genes encoding
the extra subunits may be present in the uncharacterized region. It is therefore possible
that more subunits may be present in the native protein, but lost during the purification.

The function of NAD-linked hydrogenases is dependent on the organism studied.
For example, in R. eutropha, the NAD-linked hydrogenase provides low-potential
reducing equivalents for autotrophic growth (Schneider et al., 1979). In cyanobacteria,
bi-directional NAD'-linked hydrogenases have been suggested to function as a valve for
low-potential electrons generated during the light reaction of photosynthesis, thus
preventing a slowing down of electron transport (Appel et al., 2000).

The small subunits of NAD-linked hydrogenases are much shorter than the small
subunits of the other classes and subclasses of hydrogenases (excepting the complex
membrane-bound hydrogenases — see below). There are four conserved Cys,
(numbered Cys 41, 44, 114 and 179 in the R. eutropha sequence) arranged in a way
very similar to the Cys that bind the proximal [4Fe-4S] cluster in D. gigas hydrogenase
(Volbedaet al., 1995). It can be concluded that all of these hydrogenases contain only
one Fe-Scluster.

In the following motif analysis, strictly conserved amino acids are written in
uppercase and amino acids conserved in most related sequences are written in

lowercase.
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Figure 7.3 Multiple alignment of small subunits of NAD-linked hydrogenases. Strictly conserved amino

acids are shaded black; amino acids conserved in most sequences are shaded dark grey; similar amino

acids are shaded light grey.

The motif SFLDIDEXLidL, present close to the N-terminus, is very conserved
and was found to be strictly specific for this subclass of hydrogenases. No other proteins
present in the relevant databases show this motif, that can thus be considered a signature
of the small subunits of NAD-linked hydrogenases.

The large subunits of NAD-linked hydrogenases show several strictly conserved
regions (Figure 7.4). Among these regions are the motifs containing the Ni-coordinating
Cysresidues(RICGICpVSHandDPCL SCxTH A). In spite of the wealth of
conserved regions present in the large subunits of these hydrogenases, most of them are
totally or partially conserved also among e.g. hon-F4o-reducing hydrogenases, which

does not allow their use as subclass-specific signatures.
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Figure 7.4 Multiple alignment of large subunits of NAD-linked hydrogenases. Strictly conserved amino
acids are shaded black; amino acids conserved in most sequences are shaded dark grey; similar amino

acids are shaded light grey.
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However, the less well-conserved motif R N xo G L x4 P (D/E) L x (R/K)
(starting on position 134 in the R. eutropha sequence) has been found to selectively

retrieve al large subunits of these class.

14 SULFHYDROGENASES

The two sulfhydrogenases isolated from P. furiosus are heterotetrameric proteins
(Maet al., 2000; Pedroni et al., 1995) able to reduce protons to H, and S to H,S (Ma et
al., 1993; Ma et al., 2000). Very close homologs have been found in the genomes of
other Pyrococcus species and purified from Thermococcus litoralis (Rakhely et al.,
1999).

As described in chapter 3, aignment of multiple sequences alowed the
identification of the cluster coordinating ligands in the small subunit of P. furiosus
sulfhydrogenase |. The availability of more sulfhydrogenase sequences confirms the
high conservation of those Cys (Figure 7.5). It also shows that in al sulfhydrogenases
known to date three [4Fe-4S] clusters are present in the small subunit, and allows a
more precise definition of the cluster's environment in these proteins. In the following
discussion the numbering of P. furiosus sulfhydrogenase | is used.

The proximal cluster is coordinated by the Cys residues (shown in bold) present
in the motifs LTSCYGCQL (at position 11), GaCAxgG (at position 84) and
GCPy(D/E)K (at position 140). The distal cluster is coordinated by four Cys and not
three Cys and one His as in D. gigas hydrogenase (Volbeda et al., 1995). These Cys
residues are carried by the motifs DYPVCLEC(R/K)L (at position 160), C*L (at
position 174; * stands for a hydrophobic residue), PCLGP* T (at position 182). The first
of these motifs contains several charged residues that will probably be close to the

active site in the three-dimensional structure. It iswell known that when a protonation
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Figure 7.5 Multiple alignment of "small" subunits of sulfhydrogenases. Strictly conserved amino acids

are shaded black; amino acids conserved in most sequences are shaded dark grey; similar amino acids are
shaded light grey.

residue is present at or near a redox-active group the reduction potentials become pH-

dependent, because the relative energies of the oxidized and reduced states is

influenced by the positive charge of the proton or the negative charge of the

deprotonated acid. In turn, the pKa of the group will be modified by the charge of the
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electron(s), resulting n a lower pK for the oxidized form and a higher pK for the
reduced form (Clark, 1960). When the difference between two successive pK’sis large
enough the slope of the reduction potential vs. pH at 80 °C becomes (m; -ny) 70/n mV

for the overall half-reaction

Ox+mH +ne ¢ Red+mpy H"

at pKi< pH < pK;.

The presence of both acidic (pKa » 4) and basic (pKa » 11 or 12) residues
immediately adjacent to the cluster suggests that if these residues are correctly
orientated with regard to the cluster its redox potential may be extremely sensitive to pH
in the physiological range. This might alow the cluster to couple proton movement to
the electron transfer, thus directly affecting the efficiency of the system. Additionally,
this may explain the difficulty in finding EPR signals from some of the clusters of P.
furiosus sulfhydrogenases (Arendsen et al., 1995; Ma et al., 2000), since according to
theory, the potential of this cluster at pH 8.0 and 80 °C might be more than a hundred
mV lower than what would be expected if those residues were replaced by unprotonable
residues as in other iron-sulfur proteins.

The intermediate cluster is most probably a [4Fe-4S] cluster, coordinated by the
Cys in motifs GCnA (R/K)CP (at position 191) and CIGCRG (at position 199). The first
of these was the only (mildly) successful candidate for a specific signature for the small
subunits of sulfhydrogenases.

The analysis of the sequences of the large subunits of sulfhydrogenases shows
that, as with the small subunits, two subclasses seem to exist, one of which has high
similarity to sulfhydrogenase | from P. furiosus (Pedroni et al., 1995) and the other to

sulfhydrogenase || (Maet al., 2000).
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Figure 7.6 Multiple alignment of "large" subunits of sulfhydrogenases. Strictly conserved amino acids
are shaded black; amino acids conserved in most sequences are shaded dark grey; similar amino acids are
shaded light grey.

Several conserved regions that may be used as specific signatures for these large
subunits have been found. These are I*EGPRFFE**T*G, IESHALHLYLL,
SFAKHSXYKGrP, NN*AQA*E**Y**E and ITPTAfNxxxME. No hints as to
the physiological significance of these regions are available, because of the very low
similarity of these proteins to the hydrogenases of which the three-dimensional structure

is known.

75 F420-NON-REDUCING HY DROGENASES

M ethanogens posses two different kinds of hydrogenases, which can be readily
distinguished from each other by their ability to use F420 as electron acceptor. Fsz0-nor+
reducing hydrogenases from obligate hydrogenotrophic methanogens are very similar to
each other, as already remarked by (Wu and Mandrand, 1993). In Methanobacterium
thermoautotrophicum Fso¢-nonreducing hydrogenase was shown to be part of a
membrane-associated complex which aso contains heterodisulfide reductase and

several other proteins with unknown functions (Setzke et al., 1994).
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Figure 7.7 Multiple alignment of small subunits of Fq-non-reducing hydrogenases. Strictly conserved

£ £ £ £ £ g ££(£

amino acids are shaded black; amino acids conserved in most sequences are shaded dark grey; similar

amino acids are shaded light grey.

The proximal cluster is bound by four Cys arrayed in the common hydrogenase
pattern — two close Cys (GCSGCHXS at position 13 inthe M. voltae sequence) and
two "scattered” Cys (GTCA at position 85 and PGCPP at position 148). The distal
cluster is ligated by the motifs C(D/E)XCPRXK (at position 178) CLxXQGXXCxG (at
position 206). As with sulfhydrogenases, the presence of charged residues adjacent to
the Cys in the first of these motifs suggests a pH-dependent potential of this cluster. As

in sulfhydrogenases, the intermediate cluster is a [4Fe-4S] center. The binding motif for

Figure 7.8 Multiple alignment of large subunits of Fyg-non-reducing hydrogenases. Strictly conserved
amino acids are shaded black; amino acids conserved in most sequences are shaded dark grey; similar

amino acids are shaded light grey.
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this cluster — CGAXCPSXPCRGCXGXT (at position 223) — can be used as a specific
signature for this subclass of hydrogenases. Another specific signature
(EIPE**DV***EGG) isfound at position 49 in the M. voltae sequence.

Some F420-nontreducing hydrogenases contain a truncated large subunit which
misses the last two [NiFe]-binding Cys residues (Figure 7.8). In the operons that code
those hydrogenases there is an additional ORF that codes a small polypeptide that
carries the second [NiFe] binding motif absent from the large subunits (Sorgenfrei et al.,
1993). In spite of this variability, the large subunits of these hydrogenases contain two
specific signatures. IHP****PGG (at position 152 in the M. voltae sequence) and
HHLAXXKAXDAXXG (at position 68 in the M. voltae sequence). The last signature is

especially selective.

7.6 F40-REDUCING HY DROGENASES

Methanogens use cofactor Fapo as electron donor to severa key reactions in
methanogenesis, like the stepwise reduction of formyl-tetrahydromethanopterin to
methyl-tetrahydromethanopterin and the energy-conserving reduction of heterodisulfide
by the FszoH2: heterodisulfide oxidoreductase (for a review of methanogenesis see
(Deppenmeier et al., 1999)). The regeneration of the reduced form of Fayo is performed
by the F420-reducing hydrogenases. Wu and Mandrand (Wu and Mandrand, 1993) have
grouped these hydrogenases with the Fpo-nonreducing hydrogenases ard the NAD-
linked hydrogenases due to the observed high similarity between them.

The small subunits of F420-reducing hydrogenases carry three [4Fe-4S] clusters.
As in the other hydrogenases, the proximal cluster is ligated by the common CxxC C C
pattern (Cys 15, 18, 89 and, 128 in the M. jannaschii sequence). Surprisingly, the
sequence from M. thermoautotrophicum contains an aspartate residue in place of the
second Cys, suggesting that in this organism the proximal cluster will be (Cys)sAsp
ligated.
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Figure 7.9 Multiple alignment of small subunits of FRg-reducing hydrogenases. Strictly conserved
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amino acids are shaded black; amino acids conserved in most sequences are shaded dark grey; similar
amino acids are shaded light grey.

The intermediate and distal iron-clusters are each ligated by four Cys arranged in
the traditional "ferredoxin-like" pattern (CxxCGxxxCxxC), which sets them apart from
the clusters found in the small subunits of other hydrogenases, usually ligated by novel
motifs (see above). Despite their high conservation, the cluster-binding regions cannot
be used as specific signatures for these hydrogenases due to their very high similarity to
the cluster-binding regions in ferredoxins and polyferredoxins. However, two strictly
conserved motifs — LXEGSVCLXDxHxL (at position 57 in the M. jannaschii
sequence) and EACGCDxxxKV (at position 162 in the M. jannaschii sequence) — are
only found in the small subunits of these hydrogenases. In particular, the first of these
motifs alows the specific detection of every Fsxp-reducing hydrogenase sequence

present in the relevant databases.
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Figure 7.10 Multiple alignment of large subunits of Ryo-reducing hydrogenases. Strictly conserved
amino acids are shaded black; amino acids conserved in most sequences are shaded dark grey; similar
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amino acids are shaded light grey.

The large subunits of F20-reducing hydrogenases show very high similarity to
the corresponding subunits of NAD-linked and Fo-non-reducing hydrogenases. It is
therefore very difficult to find specific signatures able to discriminate between them.

The only specific signature found in the large subunits of F2o-reducing hydrogenases

was Y XGxxXXExXGPRAR (at position 263 in the M. jannaschii sequence).
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1.7 COMPLEX MEMBRANE-BOUND HYDROGENASES

Multi-subunit membrane-hydrogenases are built up by at least six subunits which
are all homologous to complex | subunits. These hydrogenases seem to couple proton
reduction to the generation of a proton motive force (chapter 6, Fox et al., 1996b and
Kinkd et al.,, 1998). In Methanobacterium thermoautotrophicum, the energy
accumulated in this proton gradient has been proposed to drive the reduction of very-

low-potential electron carriers. These would function as efficient electron donors to

P. furiosus nbhJ 1 GGDNLTNNSERKRLEKRI AQLCKFI

R rubrum coolL LR E T IMNFLSRVSK

M barkeri ech i I

M thernoaut. ehb i

M thernpaut. eha i

P. furiosus mbhJ 46 N@SLERVKL

R rubrum cooL 29 VAkePL TARVKDKVL R

M barkeri ech 24 ) \VAKE SVYNYKNV

M thernpaut. ehb 29

M thernmpaut. eha 31

P. furiosus nbhJ 90

R. rubrum cooL 74

M barkeri ech 68

M thernpaut. ehb 74

M thernoaut. eha 75 | Sle

P. furiosus nbhJ 129 L EK.AKM KGEVPPEEGEENE- -
R. rubrum coolL 113 AKAI El WAGR] - --------------
M barkeri ech 107 S| EENKKKGNI KGKEVKLKGNE
M thernoaut. ehb 119 PKELEAD- - -------------
M thernoaut. eha 115 EAl LSVAPGAI AERGRKR- - - - - - -----
P. furiosus nbxJ

R. rubrumcooL = -----

M barkeri ech 152 VPSNA

M thermpaut. ehb  -----

M thermpaut. eha  -----

Figure 7.11 Multiple alignment of small subunits of complex membrane-bound hydrogenases. Strictly
conserved amino acids are shaded black; amino acids conserved in most sequences are shaded dark grey;
similar amino acids are shaded light grey.
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reactions with a redox potential lower than the H*/H, couple. (Tersteegen and
Hedderich, 1999).

The small and large subunits of these hydrogenases show a higher degree of
sequence identity to the corresponding complex | subunits than to other [NiFe]
hydrogenases (Friedrich and Weiss, 1997). The identification of specific signatures that

allow the unambiguous assignment of these proteins thus assumes special relevance.
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Figure 7.12 Multiple alignment of "large" subunits of complex membrane-bound hydrogenases. Strictly
conserved amino acids are shaded black; amino acids conserved in most sequences are shaded dark grey;
similar amino acids are shaded light grey. The E. coli proteins posses a very long N-terminal absent from
the other hydrogenases. Therefore the alignment is shown only from the point where similarity between

all sequences exist.

The "smal" subunits of complex membrane-bound hydrogenases are even
shorter than the small subunits of the NAD-linked hydrogenases (Figure 7.11). These
subunits are very similar to NADH-ubiquinone oxidoreductase "20 kDa' (nuoB)
subunits, and only marginally similar to the small subunits of other hydrogenases.
However, all four Cys residues involved in the coordination of the proximal cluster in
regular hydrogenases are present in these proteins (Cys 37, 41, 106 and 136 in P.
furiosus MbhJ). Two signatures that enable the distinction of these small subunits from

their NADH-ubiquinone oxidoreductase homologs have been found. These are
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P (R/K) x AD***VTGpvt and P (D/E) PKiv*AiGaC. The Cys in the second signature is
Cysl106, aligand to the [4Fe-4F] cluster.

The large subunits of the complex membrane-bound hydrogenases are a quite
diverse group (Figure 7.12). Phylogenetic analysis of the alignment shows that this
group further separates into two subclusters (Figure 7.2). The two "energy-conserving"”
hydrogenases from M. thermoautotrophicum (Tersteegen and Hedderich, 1999) cluster
together, apart from the cluster that includes the other hydrogenases. The two
hydrogenases from E. coli seem to form yet another subdivision inside this cluster. They
are aso considerably longer than the other large subunits. Two specific signatures for
the large subunits of these diverse group have been found: El e R1 h SH | | (from
amino acid 95 in the P. furiosus large subunit) and D PC | sCt (D/E) R (the C-terminal
Ni-binding motif). This last signature affords however one single misidentification:
mesothelin  or CAK1 antigen precursor from humans bears the sequence
DPCW SCGD R close to the N-terminal. Because of the paucity of sequencesin the

subclusters no reliable fingerprints to assign a protein to one of them could be found.

7.8 ATYPICAL HYDROGENASES (MBXJ FROM P. FURIOSUS
AND HOMOL OGUES)

The genome of P. furiosus contains an operon that has been proposed to code for
an atypica complex membrane-bound hydrogenase. Homologs of this atypical
hydrogenase have been found in the genomes of other Pyrococcus species and of the
hyperthermophilic Bacterium Thermotoga maritima. The small subunits of these
hydrogenases are very similar to each other. Like the "small" subunits of the regular
complex-membrane-bound hydrogenases, they are very short and contain the four
conserved Cys proposed to bind the proximal [4Fe-4S] cluster. Five conserved motifs
that are absent in al other proteins (including the closely related NADH: ubiquinone
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oxidoreductase components and membrane-bound hydrogenases) have been found.

These are (from the N-termina to the Gterminal of the sequences): CTGCG**E* PP,

which includes two Cys involved in the binding of the Fe-S cluster, KTLkRIl,

LDKkYIPVDV, GEADGWKRY and ENYEWYTrKNQ. Only this very limited set of

sequences is available, and it is likely that some of the observed motifs will not be

present in more divergent members of this class. This also applies to the first motif

described, for which a function is known: the first half of the motif (CTGCG) is

The small subunits
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Figure 7.13 Multiple alignment of "small" subunits of atypical membrane-bound hydrogenases. Strictly

conserved amino acids are shaded black; amino acids conserved in most sequences are shaded dark grey;

similar amino acids are shaded light grey.
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Figure 7.14 Multiple alignment of "large” subunits of atypical membrane-bound hydrogenases. Strictly
conserved amino acids are shaded black; amino acids conserved in most sequences are shaded dark grey;

similar amino acids are shaded light grey.
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present in a wide range of proteins, and more divergent members of this class may not
conserve the second half (**E*PP). It seems therefore wiser to use the signatures of the
"large” subunit (see below) to look for atypical hydrogenases. "Small" subunits might
be found by comparing neighboring genes to the known sequences of these "small”
subunits.

As with the "small" subunit, most of the sequences of the homologs of the
"large" subunit of the putative fourth hydrogenase from P. furiosus are aso from
members of the genus Pyrococcus. They are al very similar to each other, and this
complicates the task of finding reliable signatures, since most of the sequences are very
conserved. The dlight divergence of the sequence from Thermotoga maritima allows the
detection of a somewhat stricter consensus. The putative Ni-coordinating motifs are
atypical, since they do not contain four Cys as usual. In each of these motifs, the second
Cys (which bridges the two metals (Fe and Ni) present in the active site) is replaced by
an acidic residue, which suggests that the binuclear cluster in these hydrogenases will
be mroxo-bridged. These two motifs(L * * R1 CV PE* D — at position 84 on the P.
furiosus sequence — and D x C p P (D/E) | D R— on the Gterminal) are very
conserved, and a search with those motifs identifies no proteins outside this class.
Although many of the other conserved regions are also present totally or partially in
NADH: ubiquinone oxidoreductase subunits, some other putative conserved motifs
were found to be very specific. EXRXWYXNI, FEeLtIGARVYH, GXAfAHVEST(R/K)
and LvGaRiaDVP. However, since he sequences used are not very diverse and no
function for these motifs can readily be ascertained by the analysis, there is a possibility
that these will not be conserved in more divergent (yet undiscovered) members of this

class.
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7.9 DiSCUSSION

Severd of the classes of hydrogenases proposed by Wu and Mandrand (Wu and
Mandrand, 1993) were not fully characterized at the time due to the small number of
relevant sequences available. The recent availability of many new hydrogenase
sequences has provided a means to refine the proposed classification of hydrogenases.

The study described in the preceding pages has afforded some new insights into
the phylogeny and molecular diversity of these hydrogenases. In particular.
sulfhydrogenases appear © be approximately equally distant from F20-non-reducing,
Faxo-reducing and NAD-linked hydrogenases, forming a fourth subclass in Wu and
Mandrand's class IV. The discovery of severa specific fingerprints characteristic of
each class of these hydrogenase may assist in the rapid assignment of a newly
discovered sequence into one of these classes. Analysis of the cluster-binding regions
raises the possibility that in sulfhydrogenases and F20-nontreducing hydrogenases at
least one of the clusters will have a pH-dependent redox potential, which may be yet
another way of fine-tuning the enzymatic activity of these hydrogenases.

The study of complex and atypical membrane-bound hydrogenases revealed
several highly specific signatures able to efficiently discriminate these hydrogenases
from very similar NADH: ubiquinone oxidoreductases, with which they have so far
been confused. It has further confirmed the specificity of the novel binding motif
suggested to bind the [NiFe] cluster in the atypical hydrogenases. However, the
identification of the physiological role of these atypical hydrogenases cannot be
deduced solely from the molecular analysis and must wait the purification and
characterization of at least one member of this class. Due to the unprecedented nature of

the cluster-binding motifs, some unusua chemistry may nonetheless be expected.



38

CONCLUSIONS






Conclusions 173

The pathway proposed to be involved in the disposal of reducing equivaents
through Hy production in P. furiosus (1) (Maet al., 1994) was studied. This included the
individual investigation of the involved enzymes (SUDH and sulfhydrogenase), as well

as of the physiological activitiesin cell extracts.

(1) fermentation = ferredoxin = FNOR(SUDH) = NADPH - sulfhydrogenase > H*

8.1 SULFHYDROGENASE

Sulfhydrogenase revealed a very rich and intricate temperature-dependent redox
chemistry. Although the enzyme has measurable Hp-uptake activity at 45 °C, analysis of
the temperature-dependence of this activity suggests that the kinetic properties of the
enzyme change markedly at 64 °C (section 4.3 — Catalytic properties). This may reflect
a change of conformation of the protein or of the active site, e. g., the transition of the
[NiF€] center from the "unready” to the "ready" state or a change of the redox potentials
of the metal centers involved. Upon incubation of the oxidized sulfhydrogenase in the
presence of H, a remarkable increase in activity occurs. After activation the Ha.
evolution/ Hx-uptake ratio was observed to be less than unity, suggesting that the role
of sulfhydrogenase in H, evolution will not be as important as assumed in the model of
Maet al..

Incubation of anaerobically-oxidized sulfhydrogenase at 80 °C revealed a
complex process of temperature-induced self-reduction. The idertity of the interna
reductant responsible for this process is not clear. Dithiothreitol seems to inhibit this
process, suggesting the involvement of disulfide bridges in the process. This process has
provided a very convenient way to generate different states of the [NiFe] active center
for spectroscopic study. Most of these states are heterogeneous, showing signals

atributed to "ready"” and "unready" hydrogenase. Their EPR spectra are aso



174 Conclusions

significantly more rhombic than the ones observed in mesophilic hydrogenases. Several
other interesting differences were also found. The NiC signal of P. furiosus
sulfhydrogenase saturates much easier than the corresponding signals from
Desulfovibrio hydrogenases and, though the Ni-C signal disappears upon illumination at
low temperature as observed in regular hydrogenases (section 4.4 — EPR
measurements), no new paramagnetic species (corresponding to Ni-L) were detected.

All of these data point to the existence of subtle differences in the electronic
environment of the [NiFe] center of the P. furiosus enzyme. It is possible that some of
these differences reflect an adaptation of the active site to the thermodynamic conditions
under which it must operate.

The role of the detected [Fe-S] clusters is still not clear. Sequerce analysis has
indicated that probably more [Fe-S] clusters are present in the enzyme than have so far
been examined by EPR. Whether these clusters are not detected due to very low redox
potentials or to other unusual properties remains to be determined. The results of a
redox titration at high temperature suggest that under some conditions one of the
clusters cannot be reduced by dithionite, even though the solution potential is much
lower than the redox potential of this cluster. The undetected clusters may have a
similar behavior, e. g. kinetically hampered reduction due to inaccessibility from the

solvent.

8.2 SULFIDE DEHYDROGENASE

Sulfide dehydrogenase is a versatile flavo-iron-sulfur protein that catalyzes both
the reduction of polysulfide by NADPH and of NADP" by ferredoxin (Ma and Adams,
1994; Ma et al., 1994). Reduction of NADP" has been proposed to be a necessary step
in the disposal of reducing equivalents as H (scheme 1). The physiologica role of

sulfur reduction, however, is not clear (Schicho et al., 1993).
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A detailed study of the prosthetic groups of the sulfide dehydrogenase through
sequence analysis and EPR-monitored redox titrations has provided a clearer picture of
the composition of sulfide dehydrogenases. The protein was shown to carry three [Fe-S]
clusters, each of them atypica in some way: a putative [2Fe-2S] cluster with novel
Asp(Cys); coordination and with the combination of physico-chemical properties
hitherto exclusively ascribed to Rieske-type clusters; an apparently regular [3Fe-49]
cluster with an unusually high reduction potential; and a [4Fe-4S] cluster with unusual
relaxation properties and reduction properties. The redox potential of the flavin is
consistent with the proposed functions as S°-reductase and ferredoxin: NADP*
oxidoreductase, but the role of the high potential [2Fe-2S] and [3Fe-4S] in these
reactions is not obvious.

Each of the subunits of SUDH appears to be a member of a different class of
iron-sulfur flavoproteins. The SudB subunit is very similar to the reductase+ferredoxin
systems from plants and algae. The SudA subunit carries the basic pattern found in a
small class of ironsulfur flavoproteins with iron-sulfur clusters of unusual properties,
and for which crystallographic data are not yet available. It is likely that structural and
functional studies of these homologous proteins may shed light on the mechanism of

action and physiological functions of sulfide dehydrogenase.

8.3 THE PATHWAY OF HYDROGEN EVOLUTION FROM
REDUCED FERREDOXIN

The actual hydrogen production by cell extracts of P. furiosus is much higher
than accounted for by the activities of the enzymes involved in the pathway proposed by
Maet a. (Maet al., 1994). Most of the ferredoxin-dependent H,-evolution is associated

with the membrane.
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The membrane-bound hydrogenase responsible for this activity was partialy
purified and characterized. It is a hydrogenevolving hydrogenase (H»-evolution ca. 250
times greater than H, uptake) virtualy insensitive to CO. It can be inactivated by
incubation with DCCD, which suggests the presence of protontransocating segments
in the protein. The membrane-bound hydrogenase may thus couple H, evolution to the
formation of an electrochemical Na or H' gradient, as proposed for similar
hydrogenases from M. barkeri (Meuer et al., 1999) and R. rubrum (Fox et al., 1996b).

The protein is predicted to harbor three [Fe-§] clusters. EPR measurements show
a signa originating from at least two interacting dusters with a redox potential ca. —
0.33 V (at room temperature). No EPR signals originating from the [NiFe] active site
could be found. Even at room temperature the membrane-bound hydrogenase is quite
active, and redox titrations are hampered by the diversion of reducing equivalents to
proton reduction. In order to circumvent this problem it might be worthwhile to inhibit
the enzyme with DCCD prior to a redox titration, since in principle DCCD will not
interfere with the active site, but only with the MbhM ' subunit.

The thermodynamics of the process are also not fully understood. It is known
that the redox potential of ferredoxin a high (i.e physiological) temperature is
approximately equal to that of the proton/H, couple (Hagedoorn et al., 1998), but this
value is probably less relevant for the bioenergetics because ferredoxin is an electron
transfer intermediate. Presumably more important values (presently not available) will
be the steady-state concentrations of the ultimate electron donors, glyceradehyde 3-
phosphate and pyruvate and their oxidation products. This knowledge would allow the
estimation of the magnitude of the electrochemical gradient that might be generated by
the membrane-bound hydrogenase.

The results obtained nonetheless allow the formulation of a novel model of the
hydrogen metabolism in P. furiosus. Reduced ferredoxin produced by the catabolism

transfers its electrons to the membrane-bound hydrogenase, which reduces protons to
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H,. If the DG of the process is favorable, concomitant H or Na' translocation through
the membrane will occur, alowing the formation of a gradient to be used in ATP
synthesis or active transport. When the flow of reducing equivalents from ferredoxin is
greater than can be handled efficiently by the membrane-bound hydrogenase, the
pathway proposed by Ma et al. will become very relevant to the cell, allowing the
disposal of the extra electrons. The H, formed can be used by the soluble hydrogenase

to reduce NADP?, thus providing an extra source of NADPH for anabolic processes.

8.4 INSIGHTS FROM SEQUENCE COMPARISONS

The recently available genome information shows the presence of another operon
in P. furiosus that may code for a membrane-bound hydrogenase. The operon contains
fourteen genes, each of them preceded by a ribosome-binding site. This suggests that
this operon is effectively transcribed under at least some conditions. This putative
hydrogenase contains an unusual binding motif for the [NiFe] cluster, which appears to
be moxo instead of msulfo-bridged. Its electronic properties can thus be expected to
deviate from those observed in the other hydrogenases.

Sequence comparisons between several hydrogenases have adlowed the
description of specific signatures that can be used to selectively distinguish these
membrane-bound hydrogenases from each other and from the very similar
NADH: ubiquinone oxidoreductases. Similar comparisons between sulfhydrogenases,
Faoo-reducing-, Fso-non-reducing and NAD-linked hydrogenases have suggested the
possibility that some of the clusters in the small subunits of sulfhydrogenases and Fizo-
nonreducing- hydrogenases may have pH-dependent potentials, allowing a more precise
regulation of activity according to the physiological conditions. The \didity of this
proposal should be tested by redox titrations performed at different pHs.
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The simultaneous alignment of many nucleotide or amino acid sequences is now
an essential tool in molecular biology. Multiple alignments are used to find diagnostic
patterns to characterize protein families; to detect or demonstrate homology between
new sequences and existing families of sequences; to help predict the secondary and
tertiary structures of new sequences; to suggest oligonucleotide primers for PCR; as an
essential prelude to molecular evolutionary analysis. The rate of appearance of new
sequence data is steadily increasing and the development of efficient and accurate
automatic methods for multiple alignment is, therefore, of major importance.

In order to align just two sequences, it is standard practice to use dynamic

programming (1).

The dynamic programming paradigm

Dynamic programming is a very genera technique. It is applicable when a large
search space can be structured into a succession of stages such that the initial stage
contains trivial solutions to sub-problems and each partial solution in a later stage can
be calculated by recurring on only a fixed number of partial solutions from an earlier
stage.

Let us take two sequences, s and t, with lengths m and n, respectively. We can
write them assy and t,, (In this notation s denotes the portion of the sequence composed
of the firsti charactersof s). The calculation of the optimal alignment can be performed
using the dynamic programming paradigm. To do this we first need to find a way to
quantify the similarity of two full sequences (or truncated sequences). As a first
approximation we can model the similarity of two sequences by considering the smple
one-step operations that turn s into t. It is useful at this stage to introduce a new
notation We introduce a gap character “-” and make the following definitions:

(a,a) denotes a match (no change from sto't)
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(a,-) denotes the deletion of character a from sequence s
(a,b) denotes the replacement of a (in s) by b(in t)

(-,@) denotes the insertion of character ain s

Since the problem is symmetric, an insertion in sis equivalent to a deletion in t,
and vice-versa. For example, an s sequence “AGGCACTA” can aligned with the t
sequence “AGCGCACA”, stepwise in several ways.

S: A- GCGCACTA AG GCACTA

t: AGCGCACA- AGCGCAC- A

If the alignment is read column-wise, we have a protocol of one-step changes

that turn sinto t:

Left alignment Right alignment
Match (A,A) Match (A,A)
Insert (-,G) Match (G,G)
Replace (G,C) Insert (-,C)
Match (G,G) Match (G,G)
Match (C,C) Match (C,C)
Match (A,A) Match (A,A)
Match (C,C) Match (C,C)
Replace (T,A) Deete (T,-)
Delete (A,-) Match (A,A)

The left-hand alignment shows an insertion, a deletion and two replacements.
The right-hand alignment shows an insertion and a deletion. The transformation
protocol can be turned into a measure of distance between the sequences by assigning a

“cost” to each operation. For instance, we may define the cost of every operation other
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than a match as 1 and define a cost of 0 for a match. The cost of an aignment will be
the sum of the individua costs of every operation needed to transform sinto t. An
optimal aignment of sand t will be the aignment with the lower cost among all
possible alignments. In the preceding example, the cost of the left-hand alignment
would be 4, and that of the right- hand alignment would be 2.

The number of possible alignments between two sequences is very large, and
unless the cost function is very simple it may seem to be very difficult to find an
optimal alignment. However, this can be easily done by the dynamic programming

algorithm.

Let us assume we aready know optima alignments between all shorter
truncations of sandt, in particular those of:

- S andt;

-sand tjq

-Spand tjg

The optimal alignment of s and t; must be an extension of one of the above by:

- A replacement (s,tj) or amatch (s,t;), depending on whether the character at the
ith position of sisdifferent or equal to the jth character of t.

- A deletion

- Aninsertion

We simply have to choose the minimum from the following values:
- cogt of the (.1, tj-1) alignment + cost of the replacement (s,t;) or match (s,t;)
- cogt of the (s,tj.1) alignment + cost of the insertion (-,t;)

- cost of the (s.1.,tj) aignment + cost of the deletion (s,-)
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There is no choice when one of the segments is empty. Therefore:
- cost of (sp,to) =0
- cost of (s,tp) = cost of (S-1,tp) + cost (S,-)

- cost of (So.tj) = cost of (So,tj-1) + cost (-,t;)

According to this scheme, and for a gven cost, the costs of the alignments of
every truncation of the sequences sandt definea (m+1) x (n+1) cost matrix. The three-
way choice in the minimization formula for the cost of §,t;) leads to the following

pattern of dependencies between matrix elements
cost (S-1, tj1) cost (S-1.t)

cost (S.,t))

cost (S,tj-1)

The bottom right corner of the cost matrix contains the desired result.

This is the distance matrix for the previous example:

> - O B O O O >

o N o gl » W N R O
N o gl AN o w]| N R o] ] >
o g B Wl N R O R N ®
gl B w| N R R R N W O
ol N Wl N N R N W NO
Al wl D N RN WA g O
w| wl N R N W N o] o
wl N RN W A g o N O
N N N W N g o N o >
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In order to find the optimal alignment one only has to draw a path though the
distance matrix indicating which case was chosen when taking the minimum (as shown
below). A Diagonal line means an Replacement or Match, vertical line means Deletion
and a horizontal line means Insertion. Note that in some cases the minimal choice is not

unique, and different paths may be drawn with alternative optimal alignments.

A|IG|C|G|IC|A|C|A
0|11|2|3(4|5]|]6]| 7|38
A|l1]|0
G| 2 0|1
S G| 3 1
C| 4 1
Al S5 1
C| 6 1
T 7 2
Al 8 2
In this case the optimal alignment would be:
s: AG- GCACTA
t: AGCGCAC- A

This technique guarantees a mathematically optimal alignment, given a table of
scores for matches and mismatches between all amino acids or nucleotides and penalties
for insertions or deletions of different lengths. Several cost matrices have been
especially produces for aligning aminoacid or nucleotide sequences (2,3). In these
matrices, the costs of replacing an aminoacid (or a nucleotide) by another can be very
different, according to the greater or lesser similarity in the physical and chemica

properties of the residues.
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Unfortunately, the technique cannot be used to perform multiple alignments of n
different sequences. Since the search space increases exponentially with n the problem
soon becomes intractable with present computing power. Therefore, al of the methods
capable of handling larger problems in practical timescales, make use of heuristics.
Currently, the most widely used approach is to exploit the fact that homologous
sequences are evolutionarily related. One can build up a multiple alignment
progressively by a series of pairwise alignments, following the branching order in a
phylogenetic tree (4). One first aligns the most closely related sequences, gradually
adding in the more distant ones. This approach is sufficiently fast to allow alignments of
virtually any size. Further, in smple cases, the quality of the alignments is excellent, as
judged by the ability to correctly align corresponding domains from sequences of
known secondary a tertiary structure (5). In more difficult cases, the aignments give

good starting points for further automatic or manual refinement.
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