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1.

Het afbeelden van de natuur als een levende, uitvoerende instantie is
een vorm van wetenschappelijk animisme.
J.J.P. Frausto da Silva &RJ.P. Williams (1991) in The
Biological Chemistry of theElements, Oxford University Press, Oxford.

2.

Het ferredoxine uit Desulfovibrio vulgaris (Hildenborough) is
mogelijkerwijs een ferreguline.
Dit proefschrift, hoofdstuk 5

3.

De hoge redoxpotentiaal van de wolfraam in het aldehyde
oxidoreductase uit Pyrococcus furiosus doet geen lampje opgaan over
de biologische functie van dit metaal.
Dit proefschrift, hoofdstuk 6

4.

Het veelvuldig citeren uit overzichtsartikelen betekent een
onderwaardering van het oorspronkelijke, experimentele werk, leidt
gemakkelijk tot verspreiding van onjuist gei'nterpreteerde of foutief
overgenomen gegevens, en dient om deze redenen vermeden te
worden.

5.

Het is wenselijk dat spectroscopische metingen aan enzymen
zoveel mogelijk worden gedaan aan actieve enzympreparaten, vooral
wanneer de resultaten hiervan gepubliceerd worden in Wochemische
tijdschriften.
S. Mukund & M.W.W.Adams (1991) J. Biol. Chem.
266. 14208-14216.

De driedimensionale structuur van metallo-proteinen verschaft
geen inzicht in het redoxgedrag van het metaal noch in het
katalytisch mechanisme.
W.R. Hagen, H. Wassink, R.R. Eady, B.E. Smith, &H. Haaker (1987)
Eur. J. Biochem. 169, 457-465.
J. Kim & D.C. Rees (1992) Science 25J_, 1677-1682.

7.

De term "zorgverzekeraar" blijkt bijzonder goed gekozen nu velen
zich, als gevolg van de strenge eisen die gelden bij het afsluiten
van een ziekenkostenverzekering, zich van zorg verzekerd weten.

Hetplan omapen dezelfde rechten toete kennen als mensen
teneinde een "mens"waardig bestaan tegaranderen zal, gezien de
wereldwijde martelpraktijken, niet op voorhand gunstig uitpakken
voor deze dieren.
Science (1996) 273, 39

Met aardappelzetmeel als voer voorPyrococcusfuriosus blijft de
grootste kruidenier van het land opde kleintjes letten.
Dit proefschrift, hoofdstuk 3

10.

Dearchitectuur vanveelprehistorische, megalithische
bouwwerken wijst erop dat de makers van deze bouwwerken een
zogenaamde "nieuwjaarsborrel-cultus" kenden.

Superclusters. Aquest for novel structures and functions
ofbiological iron-sulfur clusters.
A.F.Arendsen
1 oktober 1996
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A
Ac
ATP
B
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C
CoA
D
Da
DEAE
DNA
DSM
DTT
E
Em
EDTA
EPPS
EPR
F
FAD
FeMoco
FTIR
FPLC
g
H
Hepes
HiPIP
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i
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J
K
Km
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NHE
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PEG
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R
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S
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SDS
T
Tricine
U
UV

gas constant
ribonucleic
acid
electron spin (operator)
saturated calomel electrode
sodium dodecyl sulfate
absolute temperature,tesla
N-tris[hydroxymethyl]methylglycine
unitofenzymeactivity (nmol product/minute)
ultraviolet.

GENERAL INTRODUCTION
1.1 REDOX CHEMISTRY IN BIOLOGY
Inthelivingcellredoxreactionsplayanimportantpartinmetabolicprocesses,
e.g.photosynthesis,oxydativephosphorylation,andnitrogenfixation.Proteinsinvolved
in redox processes have to possess devices capable of 'storing' electrons, in other
words these proteins have to be redox-active. Some contain an organic redox active
group like flavin, pyrroloquinoline quinone, topa quinone, or tryptophan
tryptophylquinone. Alternatively, redox proteins may contain transition metals as
redox-active cofactors. Transition elements havepartially filled valency orbitals, and
usuallyexistintwoormoreredoxstates.Manytransitionelementsarefound in nature
involved in redox processes; vanadium, manganese, iron, cobalt, nickel, copper,
molybdenum and tungsten. Most are 3d elements; molybdenum and tungsten are 4d
and 5d elements, respectively, which are also the only 4d and 5d elements found in
biology,which ispossibly explained bytheirbio-availability1.Theability of aprotein
to catalyze a redox reaction largely depends on the reduction potential of the redoxactivegroup.Asallbiologicalprocesses occurin aqueous solutions,thephysiological
bounderies oflife aredetermined bytheoxidation andreduction ofwater(Em H 2 0/0 2
= 830 mV, Em H2/H+ = -420 mV; at 25°C and pH 7); nevertheless, redox proteins
with a reduction potential lower than -420 mVhave been found.

1.2 IRON-SULFUR CLUSTERS
Althoughironcanexistinmanyredoxstates,itoccursmainlyasFe 2+ andFe 3+ .
A fixed reduction potential of the Fe /Fe 3+ couple in solution would be of little
biologicalrelevance,butthehighlyspecific spacialorganization oftheironinaprotein
matrix apparentlyprovides anexcellentmeansto 'tune'theredoxpotential of theiron
atom(s).Thus, iron in proteins ismainly found in hemes and in iron-sulfur clusters.
Four types of 'classical' iron-sulfur (Fe-S) clusters can be distinguished: a one-iron
cluster (rubredoxin-like cluster) (Fig. 1.1), a two-iron cluster ([2Fe-2S]) (Fig. 1.2), a
three-iron cluster ([3Fe-4S]) (Fig. 1.3), and a four-iron cluster ([4Fe-4S]) (Fig. 1.4).
Thesefour 'standard' Fe-Sclusters arefound inallorganisms,buttheirexistencewas
onlyrecognized sincethe60's.Sincethen,hundredsofFe-Sclustercontainingproteins
havebeen isolated, and thisnumberisstillincreasing2"7.Theclusters shown inFig. 1
all share a basic building plan. They areligated to theprotein by the sulfur atoms of
cysteine residues to the iron atoms8"11. The iron atoms in the cluster experience a
distorted tetrahedral co-ordination. Because the energy splitting in a tetrahedral coordination is relatively small, the iron is always high-spin. The iron atoms are p-S
bridged, except for themononuclear cluster (rubredoxin) which, strictly spoken, is no
Fe-S cluster because of the absence of acid-labile sulfide atoms.
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Each iron-atom can formally exist in tworedox states,i.e. Fe 2+ and Fe 3+ . Therefore,
a [2Fe-2S] cluster can theoretically exist in three redox states.However, this cluster
can only take up one electron under physiological conditions1213. The valency of a
clusterisusuallyexpressed ignoringthechargeoftheligands.Thus,a [2Fe-2S]cluster
with oneFe ,oneFe3+, andtwop-S 2 -bridging atomshasaformal netchargeof 1+.
Theone-electron (andalsofully) oxidizedclusterhasachargeof2+.ThisFe-S cluster
isdenoted as[2Fe-2S]^2+;1+^.Accordingly,four-iron clusterscanbedescribed as[4Fe4S] (2+;1+) , and three-iron clusters as[3Fe-4S](1+;0)14.High-spinFe 3+ hasfive unpaired
electrons in its 3d orbitals, and, therefore, has anelectron spin S= 5/2. Fe has four
unpaired electrons and is S=2.Mossbauer spectra ofreduced [2Fe-2S] clusters (with
one Fe 2+ and one Fe ) can be explained when one Fe and one Fe atom are
assumed to be present12. If so, then this cluster would be expected to exhibit an S=
5/2 and anS=2systeminEPR spectroscopy.Nevertheless,onlyasingleS= 1/2EPR
spectrum is found. This effect can be explained by exchange interaction of the
individual spins of theiron atoms in thecluster (reviewed byHagen15).In thecaseof
the [2Fe-2S](2+;1+* cluster, coupling of the spins results in the lowest possible
combination; i.e 5/2 - 2 = 1/2. This effect is called super exchange. Super exchange
resultsinantiferromagneticcoupling.Ontheotherhand,exchangeinteractionmayalso
result in the highest possible combination; i.e. 5/2 + 2 = 9/2. This ferromagnetic
couplingisaresultofdoubleexchange,whichoccurswhenchargeisdelocalized.For
example, in the case of [4Fe-4S] clusters two pairs of iron atoms couple
ferromagnetically to a high-spin state, and these in turn couple to each other
antiferromagneticaUy toalow-spinstate.Thus,thereduced [4Fe-4S]clusterisS= 1/2,
whereas the oxidized cluster is diamagnetic (S =0).

1.2.1 Mononuclear iron-sites
Mononuclear iron-sites (Fig. 1.1) occur in bacterial redox proteins called
rubredoxins. These are red colored, low molecular mass, redox active (Fe^3+; ))
proteins of typically 5-12 kDa molecular mass; the crystal structure was solved in
197916. Their function is still unknown, although a role as electron carrier has been
proposed17. However,redoxbehaviour invitro doesnotnecessarily imply aredoxrole
invivo.For example, aconitase catalyzes anon-redox reaction, although its [4Fe-4S]
cluster isredox active in vitro1*.
Rubredoxin-type iron centers havebeen found in afew proteins with unknown
function,likedesulforedoxin19"21,desulfoferrodoxin22, neelaredoxin23,rubrerythrin24,
andnigerythrin25,allofwhicharefound insulfate-reducing bacteria.Interestingly,the
latter two proteins contain in addition a dinuclear cluster (see 1.2.4).

1.2.3 Two-,three-,andfour-iron clusters
Two-iron ([2Fe-2S],Fig. 1.2) andfour-iron ([4Fe-4S,Fig. 1.4) clusters arevery
common in nature2-7. They are present in ferredoxins and in numerous redox and
non-redox enzymes. In ferredoxins [2Fe-4S] and [4Fe-4S] clusters occur as single
clusters, or in pairs. They are involved in almost all redox processes in life, like in
glycolysis, oxidative phosphorylation, and many others.Ferredoxins are small, rigid,
Fe-S containing proteins, with a typical molecular mass of 6-12 kDa. They are
supposed to function as electron carriers, i.e they shuttle electrons between enzymes
involved in redox catalysis. Most redox enzymes containing Fe-S clusters contain
additional metals or cofactors, like nickel ([NiFe] hydrogenase), molybdenum
(xanthine oxidase), FAD (fumarate reductase), heme (cytochrome reductase or bcj
complex), or tungsten (aldehyde oxidoreductase), although at least two redox
enzymescontain solely Fe-S clusters asredox cofactors, namely Fe-only hydrogenase
and alternative (i.e. Fe-only) nitrogenase. The reduction potential of [2Fe-2S](2+^1+)
clusters ranges from -240 to -460 mV, whereas [4Fe-4S]<2+;1+) clusters have a very
broadpotential range,i.e.from 0 to-645mV26. Although almost allFe-S clusters are
ligated to the protein through cysteine residues, some [2Fe-2S] clusters do not obey
this rule. For example, Rieske-type proteins contain a [2Fe-2S] cluster with two
cysteine ligands and two non-cysteine ligands, probably histidine27. They were first
isolated from beef heart mitochondria by Rieske and co-workers28. These [2Fe-2S]
clusters feature morepositivepotentials than normal [2Fe-2S]clusters,i.e.from +300
to-155mV29. Although [2Fe-2S](2+;1+>clusters switch from thetwo-ferric statetothe
mixed-valency ferrous/ferric state,itispossible to'superreduce' thecluster tothetwoferrous state in vitro.Verhagen eta/.30 were able to reduce the water soluble Rieske
fragment from bovine heart bc\ complex by cyclic voltammetry, and Sykes and coworkers could reduce 'normal' [2Fe-2S] clusters to the two-ferrous state by pulse
radiolysis 31 . These phenomena do probably not convey a biological meaning.
Likewise,some [4Fe-4S]clustersdonotfollow theall-cysteinerule.Thefourth ligand
of the [4Fe-4S] cluster of Pyrococcus furiosus ferredoxin was shown to be an
aspartic acid by lU NMR32. Moreover, one of the two [4Fe-4S] clusters of the [NiFe]
hydrogenase from Desulfovibrio gigas is ligated by three cysteines and one
histidine33.
A special class of [4Fe-4S] clusters containing proteins feature high reduction
potentials,ranging from +50to+500mV29-34.Theseproteins arecalledHighEotential
Iron Proteins (HiPIP's) 35 > 36 . They are unique in the sense that they contain
[4Fe-4S]<2+;3+)clusters.However, Heering eta/.37were able to'superreduce' aHiPIP
[4Fe-4S](2+;1+) cluster to the 1+ state, both by cyclic voltammetry and by chemical
reduction, thereby yielding a [4Fe-4S](3+;2+;1+)cluster.
It has long been known that oxidative damage of a [4Fe-4S] cluster can result
in the loss of an iron atom, leading to the formation of a 3Fe cluster (Fig. 1.3)5.
However, the presence of [3Fe-4S] clusters as constituant parts of proteins is now
fully established, and the crystal structure of a ferredoxin containing a [3Fe-4S]
cluster was solved in 19889-10.A [3Fe-4S] cluster can be thought of as a cubane with
oneiron atommissing. [3Fe-4S](1+;°)clusters havebeen found in7Feferredoxins, e.g.
from Azotobacter vinelandiiandDesulfovibrio africanusIII.A special feature of the

latter protein is its ability to undergo so-called cluster-interconversion, i.e. the cluster
canreversibly beconvertedfroma [3Fe-4S] toa [4Fe-4S]cluster38. In addition totwo
[4Fe-4S] clusters theNiFe hydrogenase from Desulfovibrio gigascontains a [3Fe-4S]
cluster33, and [3Fe-4S] clusters have been suggested to be part of several (redox)
enzymes,for instanceintherespiratory complex IIorsuccinate dehydrogenase.
[4Fe-4S] clusters are not only involved in redox catalysis, but also in nonredox catalysis. In the latter case the Fe-S cluster functions as a Lewis acid. For
example, aconitase catalyzes the hydroxylation of of citrate to cis-aconitate18. This
reaction does not involve electron transfer. Binding of the substrate to one of the iron
atoms changes the coordination of the iron to six coordinate39-40. Another example
comes from the DNA repair enzyme Endonuclease III from Escherichia coli, which
contains a [4Fe-4S] cluster41. The [4Fe-4S] cluster is supposed to be involved in
positioning basic residues with the DNA phosphate backbone. Finally, Fe-S clusters
may beinvolved ingene regulation42'43.
The protein matrix determines the reduction potential of the Fe-S cluster to a
largeextent. Table 1lists someFe-S clusters withtheir reduction potentials26-34.44'45.
Clearly, thepotentials deviate largely from that of aqueous Fe2+/Fe3+ under standard
conditions. We can also observe that [4Fe-4S] clusters show the widest range in
reduction potentials, whereas the one-iron containing rubredoxin has only a narrow
potential range. Apparently, increasing the number of iron atoms in a cluster is a
means toextend theredox span of biological iron.
Table 1. Reduction potentials of Fe-S clusters 26 - 34 ' 44 - 45
Clustertype

Source

Em range (mV)

[Fe](3+;2+)
[2Fe-2S]<2+;1+>
[Fe2S2(RS)2N2]<0;-1>
[4Fe-4S]<2+;1+>
[4Fe-4S](3+;2+)

Rubredoxins
Ferredoxins
Rieske proteins
Bacterial ferredoxins
HiPIP

-20 to +37
-240 to -460
-155 to +312
-645 to 0
+50 to +500

1.2.3 Dinuclear |>oxobridgedclusters
A rather special class of iron structures are the ^l-O bridged dinuclear
centers 46 (Fig. 2). These centers have been found in a number of proteins with
various functions, e.g. the (^-transporting protein hemerythrin from invertebrates47,
and several redox enzymes, like ribonucleotide reductase 48 - 49 , purple acid
phosphatase50-5!, and methane monooxygenase52"53.
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Fig.2.Dinuclear ironcenterinR2subunit of£.coliribonucleotide reductase54

1.3 SUPERCLUSTERS
There isgrowing evidence that, in addition tocommon Fe-S clusters,there are
clusters containing more than four iron atoms.Table 2 lists five enzymes supposedly
containing so-called 'superclusters'. These enzymes all catalyze multi-electron
transfer reactions.
Table2.Multi-electrontransferring enzymes
Enzyme

reaction

equation

Nitrogenase
[Fe-only] hydrogenase
Dissimilatory sulfite reductase
CO dehydrogenase
Prismane protein

N 2 + 8H+ + 8e"-> 2NH3 + H 2
2H+ +2e" -> H 2
S 0 3 2 ' + 6H+ + 6e"-> S2"+ 3H 2 0
C0 2 +2H+ +2e" -> CO+ H 2 0
?

(1)
(2)
(3)
(4)

Reactions 1-4 areall multi electron redox reactions involving the activation of
small, inorganic molecules (e.g. N2, H2, SO x , NOx). These compounds are important
because they may be a threat to the environment (NO x ,SO x ), or an important source
of energy (H2) orfertilizer (H2plus N2). The afore mentioned enzymes catalyze these
reactions at relatively mild conditions, compared to industrial catalysis. Despite the

simplicity of these reactions on paper, the responsible enzymes require complex Fe-S
clusters exhibiting peculiar spectroscopic behaviour (e.g. S>3/2 EPR).The enzymes
areusuallylargeandmultimeric,andtheycontain highnumbers ofironand acid-labile
sulfide.
1.3.1 Nitrogenase
The FeMoS enzyme nitrogenase catalyzes the eight-electron reduction of
molecular nitrogen to ammonia at the expense of 16 ATP molecules (l) 55 " 61 . The
enzyme occurs in bacteria like Clostridium, Azotobacter, and Rhodospirillum. It
consists of two proteins; component I and II. Crystal structures of both components
haverecently been solved55'62-64.The so-calledMoFeprotein (component 1)contains
2 molybdenum atoms and 30 iron atoms, divided over 2x2 special iron-sulfur
structures. The first one is the Fe7MoSg containing iron molybdenum cofactor, or
FeMoco(Fig.3a).
The FeMoco is supposed to be the substrate-binding site. The cofactor can
exist in three redox states; the oxidized form isdiamagnetic, thereduced form has an
S = 3/2 ground state. Under turnover conditions FeMoco is superreduced, probably
havinginteger S> 1electron spin65-66.

Cys—

Fig.3.Iron-molybdenum cofactor (a)and P-cluster(b)from nitrogenase63

—Cys

The second special cluster in nitrogenase is the P-cluster. Hagen and coworkers proposed an eight-iron containing Fe-S cluster on the basis of EPR
spectroscopy67. EPR spectra of the three-electron oxidized P-cluster revealed a spin
mixtureof S= 1/2 and S=1I2&.Thetwo-electron oxidized P-cluster hasinteger spin,
probably S = 3,and the fully reduced cluster is diamagnetic.The eight-iron proposal
proved tobecorrect with theelucidation ofthecrystal structure byKim and Rees62"64
(Fig. 3b). Although the cluster appears as a set of two cubanes, all irom atoms are
magnetically coupled intoonenet spin system.

1.3.2 (Iron-only) hydrogenase
A second class of enzymes reported to contain uncommon Fe-S clusters
consists of hydrogenases. Hydrogenase isone of thefour nickel containing enzymes.
In addition to nickel, some hydrogenases contain the biologically rare element
selenium. However, a small number of hydrogenases is known to contain only iron
(Table 3). Thus, hydrogenases can be divided into three subgroups depending on
theirmetalcontent;iron-only,NiFe,andNiFeSehydrogenases69-71.
Already in 1986Hagen and co-workers proposed anovel iron-sulfur cluster to
be the active site of theperiplasmic iron-only hydrogenase from the sulfate-reducing
bacterium Desulfovibrio vulgaris strain Hildenborough72. This enzyme contains an
uncommon iron-sulfur cluster asdeduced from arhombic EPR spectrum (g=2.10)in
the partially reduced enzyme. The signal was first detected in the iron-only
hydrogenase from C. pasteurianum, in 197573,and it was also found in the iron-only
hydrogenases from M. elsdenii14, D. vulgaris (Hildenborough)75, and Trichomonas
vaginalis16. This uncommon cluster is supposed to be the site where hydrogen
activation takesplace77, and because of thisitwasgiven thename H-cluster78. Based
on the metal content of theFe-only hydrogenase from D. vulgaris(Hildenborough) it
was proposed that the H-cluster contains approximately six iron atoms72. The
discovery of ahigh-spinEPR signal (g=5)inthe sameenzyme alsoindicated thatthe
cluster is of unprecedented nature 75 . Likewise, magnetic circular dichroism
measurements on the oxidized Fe-hydrogenases of Clostridium pasteurianum19,
Megasphaera elsdenifi0, andDesulfovibrio vulgaris (Hildenborough)81 revealed the
presence of an unknown Fe-S cluster, probably with S > 1/2. Furthermore, five
conserved cysteine residues in the C-terminal part of the protein are supposed to
ligatethe H-cluster82"87.

1.3.3 Sulfite reductase
A third class of enzymes that has been proposed to contain superclusters
comprise the dissimilatory sulfite reductases. In biology sulfite is reduced for two
purposes.Firstly, sulfur mustbeincorporated intosulfur containing biomolecules,like
the amino acids cysteine and methionine. The enzyme responsible for this process is
called assimilatorysulfite reductase.Secondly, sulfite canbeusedforrespiration.The
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enzyme catalyzing the latter reaction is called dissimilatory sulfite reductase. Both
enzymes contain siroheme and iron-sulfur. For Escherichia coli assimilatory sulfite
reductase the active site has been modeled as the siroheme bridged to a [4Fe-4S]
cluster88 (Fig.4).Thisproposal has beenconfirmed with theelucidation of thecrystal
structure89. Although both assimilatory and dissimilatory sulfite reductases catalyze
the six-electron reduction of sulfite to sulfide (3),they show considerable differences.
In assimilatory sulfite reductase the siroheme is always low-spin; the enzyme can be
either monomelic, homodimeric, or heteropolymeric, and contains typically five iron
atoms per subunit89-100. Dissimilatory sulfite reductases can be divided into four
classesbased ontheirUV-visiblespectra:desulfoviridin (625nm),desulforubidin (525
nm),P-582(582nm),anddesulfofuscidin (576nm).Dissimilatory sulfitereductasesare
probably either 8262or 826272, and they may contain up to 11 iron atoms per half
molecule 101-109 . S = 9/2 EPR signals were observed in the dissimilatory sulfite
reductase from D. vulgaris (Hildenborough)101. The dissimilatory sulfite reductases
have been proposed tocontain a supercluster.

C0,H

Fig. 4. Bridged siroheme-cubane model as the active site for E.coliassimilatory sulfite
reductase88-92

1.3.4 COdehydrogenase
The fourth Fe-S redox enzyme exhibiting very high-spin EPR signals is the
NiFeS containing CO dehydrogenase. Thisenzymecatalyzes thereversible oxidation
of CO to CO2 (4); it occurs in methanogenic, actetogenic and sulfate-reducing
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bacteria, which use the acetyl-CoA pathway, orWood pathway, for the formation of
acetyl-CoAfrom amethyl donor and acarbonyl moiety. Areversed Wood pathway is
operative in Methanothrix and Methanosarcina, which oxidize acetate to CH4 and
CO2. CO dehydrogenase has been suggested to play a role in both the formation of
acetate and the cleavage of the carbon-carbon bond 115-119 . In partially reduced,
anaerobically isolated COdehydrogenase from MethanothrixsoehngeniiEPR signals
were observed with all g-values<g e , and it washypothesized that these signals arose
from an iron-sulfur cluster with electronic and magnetic properties similar to the
[6Fe-6S] cluster120. The discovery of S = 9/2 EPR signals in the oxidized enzyme
provided further support for the suggestion that this enzyme contains a
supercluster121.
1.3.5 Prismaneprotein
TheEPR spectrum of thereduced six-iron containing,monomelic protein from
the sulfate-reducer Desulfovibrio vulgaris (Hildenborough) shows an S = 1/2
spectrumalmostidenticaltothe [Fe6S6(L)6]3"(prismane)modelcompound122"124(Fig.
5) which led Pierik etal.123 topropose thename prismane protein. As isolated, the
prismane protein exhibits a second S= 1/2 EPR spectrum with all g-values below the
g-value ofthefree electron. It wasalsoshown thattheprotein iscapable of threeoneelectron transitions, and in the as-isolated protein they found high-spin EPR signals
which they ascribed toan S=9/2 system125.
Unfortunately, the prismane protein has no established function yet, but
sequence homology with CO dehydrogenase from Methanothrix soehngenii and
Clostridiumthermoaceticummay give aclue as to what the biological function of the
prismane protein may be126. Moreover, arecentresonance Raman study indicates the
presence of a Fe-O-Fe species, suggesting a novel function for the Fe-S cluster127.
Unfortunately, nocrystal structure oftheprismaneprotein is available yet.

Fig.5.[6Fe-6S]3+ (prismane) cluster
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1.4 TUNGSTEN ENZYMES
Tungsten (W) is a group 6 element from the 5d series; in the earth it occurs
predominantly as tungstate ([WO4]2")128. Tungsten has only recently become known
as a bio-element. In 1974 it was discovered that formate dehydrogenase activity in
crude extracts from C. thermoaceticum129 and C. formicoaceticumli0 was stimulated
by additional tungsten in the growth medium. It was found that 185\y corporation
co-incided with carboxylic acid reductase activity from C. thermoaceticum™1 and
formate dehydrogenase activity from C. acidiurici and C. cylindrosporum^2. The
first enzyme for which tungsten was proven to form a constituant part is formate
dehydrogenase from C. thermoaceticum1^. By now seven distinct tungsten enzyme,
or tungstoenzymes activities have been reported: formate dehydrogenase (FDH),
acetylene hydratase, carboxylic acid reductase (CAR), glyceraldehyde-3-phosphate
oxidoreductase (GAPOR), aldehyde oxidoreductase (AOR), formaldehyde
oxidoreductase (FOR), and formylmethanofuran dehydrogenase (FMDH). The
corresponding activitiesarelisted below (Table4).
Tabic4.Tungsten biochemistry
Enzyme

reaction

eq.

ref.

GAPOR
acetylene hydratase
CAR
FDH
AOR
FMDH

RCOH + Fd(ox) -> RCOOH + Fd(red)
C 2 H 2+H 2 0 -» CH3CHO
RCHO+ 2MV++ +OH"-> RCOO"+2H+ +2MV+*
C 0 2 +NADPH -» HCOOH +NADP+
RCHO +Fd(ox) -» RCOOH +Fd (red)
C 0 2 + MFR + 2[H] - • formyl-MFR + H 2 0

(5)
(6)
(7)
(8)
(9)
(10)

[134]
[135]
[136]
[136]
[137]
[138]

FOR

HCOH + Fd (ox) -> HCOOH + Fd (red)

(11)

[139]

Fd =ferredoxin; MV =methyl viologen; MFR = methylmethanofuran;
R =CH 2 OCH 2 OP

Equations 5-11are all two-electron transfer reactions,except for the hydration
reaction catalyzed by acetylene hydratase. FMDH catalyzes the reversible reduction
of CO2 with methanofuran to N-formylmethanofuran, which is the first step in
methanogenesis140-141. Until now, about adozen tungstoenzymes have been purified,
as listed inTable5.Tungsten is often present asatungstopterin cofactor, comparable
tomolybdopterini34-i36,i38,l42-i45.
Several tungstoenzymes are known to have a molybdenum-containing
counterpart. For example, carboxylic acid reductase from C.formicoaceticum was
shown to occur in aW and a Moform144'146, and it was shown that these two forms
are not iso-enzymes, but catalytically distinct enzymes147. Tungsten also sometimes
substitues for molybdenum in case of Mo-deficiency, which was recognized already
in 1974 by Gottschalk and co-workers, who found that tungsten addition to
molybdenum-deprived cells partly restored formate dehydrogenase activity in C.
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thermoaceticum1^0. Methanobacterium wolfei contains two isoenzymes of
formylmethanofuran dehydrogenase (FMDH), one containing molybdenum and the
other one containing tungsten138-148. When the organism was grown on a medium
supplemented with tungsten, but in the absence of molybdenum, the molybdenumcontaining FMDH was synthesized as a tungsten-containing, catalytically active
FMDH149. Similarly,inM. thermoautotrophicum, whichalsocontains bothaW-anda
Mo-FMDH, molybdenum was shown to substitute for tungsten in the W-FMDH,
however, no active Mo-substituted W-FMDH could be detected150. The latter
observation is in accordance with the finding that most tungsten-substituted Moenzymes are inactive, e.g. nitrogenase from Azotobacter vinelandii15^, formate
dehydrogenase and nitrate reductase from Escherichia co// 152 , rat liver sulfite
oxidase153 and xanthine oxidase154.
The substitution effect of tungsten for molybdenum can be understood when
we compare these two metals from a chemical point of view. Tungsten resembles
molybdenum, the 4d element from group 6, with respect to bio-availability, ionic
radius, coordination and redox chemistry; both metals are mainly oxo or hydroxo
complexed 156 . Being elements from the left half of the transition metal period,
tungsten and molybdenum have a high coordination number and high oxidation
states (IV,V,VI). They favor O/N ligation1. Molybdoenzymes function primarily in
oxygen atom transfer (not to be confused with molecular oxygen transport), the
single exception being nitrogenase56. In transferring oxygen molybdoenzymes
catalyze a hydroxylation reaction, where water is used as the source of the oxygen
atom tobeincorporated into theproduct (12)157.
RH+H 2 0 ->ROH+2e-+2H+

(12)

Clearly, this reaction is similar to the two-electron transfer catalyzed by
tungstoenzymes; eqs. 5-11. The majority of tungstoenzymes purified sofar is from
thermophilic or extreme thermophilic organisms. The best studied Archaeon,
Pyrococcus furiosus, is known to contain at least three distinct redox
tungstoenzymes, namely: aldehyde oxidoreductase 137 , formaldehyde
oxidoreductase139, and glyceraldehyde-3-phosphate oxidoreductase134. All three
enzymes exist solely as tungstoenzymes; no molydenum isoenzymes have been
found158. One could argue that the 'choice' for tungsten over molybdenum is simply
explained by the fact that tungsten is more abundant than molybdenum in those
habitats where (hyperthermophilic) tungsten-dependent organisms are found; mainly
in geothermally heated marine environments (both shallow and deep waters)159. On
the other hand, tungsten-substituted molybdenum enzymes have also been found in
mesophiles 131 > 133 ' 136 ' 143 > 144 > 149 > 150 . Moreover, the observation that tungstensubstituted molybdenum enzymes are catalytically distinct from the native
molybdenum enzymes suggests that the choice between tungsten and molybdenum is
not simply a matter of availability147-149. Alternatively, tungsten may stabilize the
enzyme atelevate temperatures.
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Table 5. Tungstoenzymes

Organism

enzyme

substrate

subunits

mass (kDa)

Pyrococcus
furiosus

AOR

RHCHO

«2

66

Pyrococcus
furiosus

GAPOR

glyceraldehyde
3-phosphate

a

63

Thermococcus
litoralis

FOR

formaldehyde

«4

69

Methanobacterium
wolfei

FMDH

formyl
methanofuran

afiy

35,51,64

Methanobacterium
thermoautotrophicum

FMDH

formyl
methanofuran

afty6

65,53,31,15

Thermococcus
strain ES-1

AOR

RHCHO

«2

67

Clostridium
thermoaceticum

FDH

co2

0262

97,76

Clostridium
thermoaceticum

CAR
(NADPHdep.)

RHCOOH

O363Y

64,14,64

Clostridium
thermoaceticum

CAR

RHCOOH

aB

64,14

Clostridium
formicoaceticum

CAR

RHCOOH

«2

67

Desulfovibrio
gigas

AOR

RHCHO

«2

73

Pelobacter
acetylenicus

acetylene
hydratase

acetylene

ARCHAEA

BACTERIA

CAR, carboxylic acid reductase
AOR, aldehyde oxidoreductase
FDH, formate dehydrogenase

73

FOR, formaldehyde oxidoreductase
FMDH, formylmethanofuran dehydrogenase
GAPOR, glyceraldehyde-3-phosphate oxidoreductase
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electron
carrier

metals

W(V) EPR

Fe-S
clusters

refs.

feiredoxin

5Fe 4S2"
lWlMg

+

[4Fe4S]

[137,164]
[chapter6]

ferredoxin

6FelW

NR

NR

ferredoxin

16Fe 12S2"
3W

NR

[4Fe4S]

?

2Fe0.3-0.4W

+

NR

7

8Fe0.4W

NR

NR

ferredoxin

4-5Fe lMg
1W2P

NR

[4Fe4S]

NADPH

36Fe 50S2"
2Se2W

NADPH

82Fe 54S2"
4.3W 1.7 FAD

*

[134]

[139,148]

[138]

[150]

[166]

[4Fe4S]
[2Fe-2S]

[131,133]

NR

NR

[131,155]

29Fe 25S2"
0.8W

NR

NR

[131,155]

HFe 16S2"
1.4W

NR

NR

[144]

[4Fe4S]

[143]

NR

[135]

5Fe 3S2"
0.7W
5Fe 4S2"
0.4W

NR

W-substituted Mo-MFDH
NR, notreported
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Tungsten occurs in three redox states, two, one, and zero electrons in the
valency (5d) orbitals, respectively. W 6+ is always diamagnetic, W 5+ is always
paramagnetic (S = 1/2), and W 4+ is either paramagetic (S = 1) or diamagnetic,
depending on theligand field. Of theseredox states onlyW5+ isreadily detected with
'normal' (perpendicular) EPR spectroscopy. Because W 5+ is ad1 system its EPR
spectrum is expected to exhibit slow relaxation properties, which makes detection
possible up to high temperatures, and the g-values should all be less than 2.00.
Nevertheless, g-values of W 5+ have been reported up to 2.10. Relatively litte is
known about tungsten-EPR of proteins. Table 6 shows tungsten-EPR properties of
tungstoenzymes,aswell asreduction potentials.
Knowledge on redox potentials of tungstopterins is rather parsimonious. The
reduction potential of the substrate/product couples (carboxylic acid/aldehyde) is
very low at room temperature and pH 7.0, i.e. < -420 mV 160 . This implies that the
enzyme catalyzing this reaction should also have a low potential reaction center.
However, given the variation in reduction potentials of tungstopterins, it remains an
open question whether the relevant redox chemistry takes place on the tungsten, or
on thepterin cofactor.
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OUTLINE OF THE THESIS
Theexistence of iron-sulfur (Fe-S)proteins holding one-,two-,three-, or fouriron sulfur clusters has been known for many years. These clusters have been
extensively studied, and many such Fe-S proteins have been crystallographically
characterized. In contrast, despite increasing evidence for thepresence of larger Fe-S
clusters inmulti-electron transferring enzymes,theelectronic and structural properties
of these clusters are still poorly understood. The aim of this thesis is to investigate
physical,chemical and biological properties ofmulti-electron transferring enzymes,in
aquestfor possiblenovel structures andfunctions ofbiological Fe-Sclusters.
The first multi-electron transferring enzyme studied in this research is the
dissimilatory sulfite reductase from Desulfosarcina variabilis (chapter 2). This
enzyme contains heme and Fe-S; it exhibited S = 9/2 EPR signals, suggesting the
presence of a larger Fe-S (super) cluster. Similar high-spin EPR signals had already
been detected in Desulfovibrio vulgarisdesulfoviridin101, but in contrast to the latter
enzyme the D. variabilis enzyme was found to contain fully metalated sirohemes,
whichmakesitalesscomplex systemfor spectroscopy.
In the soluble NiFe hydrogenase from the hyperthermophile Pyrococcus
furiosus arhombic,high-potential EPR signal wasdiscovered. This signal titrated asa
two-electron reducible species, suggesting thepresence of a supercluster. In chapter 3
theresults of anEPR/redox study arebe described.
Novel FTIR resonances were detected in the Fe-only hydrogenases of
Megasphaera eldsenii and Desulfovibrio vulgaris (Hildenborough) as well as in
several NiFe hydrogenases (chapter 4). Fe-hydrogenases have been proposed to
contain asix-iron cluster72.Asystematic,comparitiveFTIR studyofNiFeandFe-only
hydrogenases, as well as a broad range of Fe-S proteins, was carried out, in order to
investigate whether these FTIR signals arise from Fe-S clusters, or whether they are
unique for hydrogenases.
From the sulfate-reducing bacteriumDesulfovibriovulgaris(Hildenborough) a
small, unusual Fe-S protein was purified. The protein was identified as a ferredoxin.
The ferredoxin absorbed strongly at 260 nm, indicative of association with nucleic
acid. Since Thomson has hypothesized that bacterial ferredoxins may play a role in
gene regulation163, it was decided to characterize the ferredoxin, and to investigate
thenature of the bound nucleic acid (chapter 5).
The tungsten-containing aldehyde oxidoreductase (AOR) from the
hyperthermophilic Archaeon Pyrococcusfuriosus1^1 has been proposed to contain a
[\VFe3S4]cluster164, which prompted a detailed spectroscopic investigation (chapter
6). The unexpectedly high redox potential of tungsten in P.furiosus AOR leads to
the proposal that the biologically relevant redox chemistry may not be take place on
the tungsten. Recently, the crystal structure has been solved165.
The putative [6Fe-6S] proteins from Desulfovibrio vulgaris (Hildenborough)
and D. desulfuricans ATCC 27774 have been extensively studied by several
spectroscopic techniques, but crystallographic evidence for the presence of a
[6Fe-6S] cluster in this protein, and in other proteins, is still lacking. Work was
initiated tocrystallize the prismane protein in collaboration with thegroup ofprof.P.
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Lindley. In chapter 7 the crystallization and preliminary crystallographic analysis of
theprismaneprotein from D.vulgaris(Hildenborough) is presented.
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The Dissimilatory Sulfite Reductase from Desulfosarcina variabilisIs a
Desulforubidin Containing Uncoupled Metalated Sirohemes and S = 9/i
Iron-Sulfur Clusters1"
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ABSTRACT: The activesiteofEscherichia coli NADPH-sulfite reductase has previously been modeled as
a siroheme with its iron bridged to a nearby iron-sulfur cubane, resulting in antiferromagnetic exchange
coupling between all iron atoms. The model has been suggested to hold also for other sulfite reductases
and nitrite reductases. We have recently challenged the generality of the model with the finding that the
EPR of Fe/S indissimilatory sulfite reductase (desulfoviridin) fromDesulfovibrio vulgaris indicates that
anS = 9 / 2 system is not subject tocoupling. Siroheme indesulfoviridin istoa largeextent demetalated,
and therefore coupling is physically impossible. We have now studied examples from a second class of
dissimilatory sulfitereductases,desulforubidins, whichhavetheirsiroporphyrinsfully metalated. Desulforubidin from Desulfosarcina variabilis is a 208-kDa a2/5272 hexamer. The a- and 0-subunits are
immunologically active with antibodies raised against the corresponding subunits from D. vulgaris
desulfoviridin, whereas the -y-subunitis not. The desulforubidin contains two fully metalated sirohemes
andatotal of =45 Fe and =49 S2~. Quantification of high-spin pluslow-spin heme EPR signals accounts
for all sirohydrochlorin. The frequency-independent (9-35 GHz) effective perpendicular g-values of the
high-spin 5 = 5 / 2 siroheme (6.33, 5.19) point to quantum mixing with an excited («770 cm"1) S = 3 / 2
multiplet. Similaranomalousg-valuesareobservedwithsulfite reductasesfromDesulfovibrio baarsii and
Desulfotomaculum acetoxidans. The D. variabilis enzyme exhibits very approximately stoichiometric S
= 9/i EPR(g= 16). NoneoftheEPRsignalsgiveindicationfordipolarand/orexchangecouplingbetween
siroheme and iron-sulfur clusters. 5 = '/2 EPR is not detected in concentrated samples of assimilatory
sulfitereductasesfromE. coli andfromD. vulgaris. Thus,thefunctional difference betweendissimilatory
andassimilatorysulfitereductasesappearstohaveastructuralparallelinthepresenceorabsence,respectively,
of an 5 = 9 / 2 EPR iron-sulfur cluster.

Thereductionofthebisulfiteioniscatalyzedinbiologyby
sulfitereductasesfortwopurposes. Sulfurmustbeassimilated
forthebiosynthesisoforganosulfurcompounds,e.g.,cysteine.
On the other hand, the electron acceptor sulfite may be
dissimilatedinrespiration. Theoverallreactioninvolvesthe
transfer of six reducingequivalents:
6H + + 6e" + HSOj-—3H 2 0 + HS"

enzyme shows (primary) structural andalso enzymological
homology with spinach leaf assimilatory nitrite reductase
(Krueger &Siegel, 1982;Backetal., 1988;Ostrowskietal.,
1989).
Otherputativeassimilatorysulfitereductasesconsistofonly
asinglesubunit. Somearelow-molecular-mass, apparently
monomelicenzymeswithrelativelyhighspecificactivity.They
differ fromallothersulfite reductasesinthattheirsiroheme
is low-spin in the purified protein. The sequence of the
assimilatoryD.vulgarisenzymehastwoCys-containingmotifs
with some homology to the sequences of the heme-protein
subunits from E. coli andSalmonella typhimurium sulfite
reductaseandspinachleafnitritereductase(Backetal.,1988;
Ostrowski et al., 1989;Tan et al., 1991).

(1)

The relevant pATs are 6.91 (HSO3-/SO32-) and 7.04 (HS"/
H2S) at 18°C. All sulfite reductasescontainsirohemeand
iron-sulfur. In vitro, the assimilatory sulfite reductases
supposedly produce sulfide ina singlesix-electron step,i.e.,
withnointermediatesulfurcompoundsreleased(Asada,1967;
Yoshimotoetal.,1967;Leeetal., 1973). Theinvivoreleased
productisnotindentified. Byfarthemostthoroughlystudied
system is the heterododecameric as/34 NADPH-sulfite reductase from Escherichiacoli (Siegel et al., 1973). Monomeric66-kDa/3-subunitisolated fromthiscomplexcontains
siroheme and iron-sulfur andhas reduced methyl viologensulfitereductaseactivity(Siegel & Davis,1974). TheE.coli

There is a different group of sulfite reductases with a
dissimilatory function. These proteins are heteropolymers
with relatively high iron contents. On the basis of visible
absorption spectroscopy (especially the peak position inthe
red for oxidized enzyme), four classes have been reported:
desulfoviridin(628nm),desulforubidin(545nm),P-582(582
nm),anddesulfofuscidin (576 nm). After overtwodecades
ofdispute,itisstillanunsettledquestionwhethertheseenzymes
release intermediates, e.g., trithionate or thiosulfate, when
assayed invitro (Kobayashi et al., 1972, 1974;Akagi etal.,
1974;Schedel &Trflper, 1979;Hatchikian &Zeikus, 1983)
oreveninvivo(Fitz &Cypionka, 1990). However,whatever
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the precise mechanism will turn out to be,it isobvious that
thereactioncatalyzedbyanysulfitereductaseenzymeinvolves
thetransfer ofone,two,orthreepairsofreducingequivalents.
Byconsequence,theredoxactivesitehasthecapacitytotake
up two (or a multiple of two) electrons. The ferric/ferrous
transition of a single siroheme does, therefore, not suffice.
Fortheoxidized E. colienzyme,a putative multielectronaccepting site has been proposed by the groups of Siegel,
Munck, and co-workers in the form of a coupled cubanesiroheme unit: a [4Fe-4S] 2+ cluster with one Fe bridged
through an unidentified ligand, X, to the Fe(III) of the
sirohemeandwithanadditional"bridge"intheform ofavan
derWaalscontactpointbetweenoneoftheacid-labile sulfurs
and theporphyrin periphery (Siegel et al., 1973;Cristner et
al.,1981). Thecoupledcubane-sirohememodelisaninference
from a remarkable pair of spectroscopic observations. The
EPR spectrum of the oxidized E. coli protein shows only a
high-spin ferric heme signal (S = 5/i), consistent with the
[4Fe-4S] 2+ cluster beingdiamagnetic(5 = 0). Amazingly,
theMdssbauerspectrumshowsthat allironisparamagnetic
(Christner et al., 1981).
The cubane-siroheme model attempts to reconcile these
two apparently mutually inconsistent observations in the
proposition of a novel type of exchange coupling, i.e., that
between an S = 5 / 2 paramagnet and an 5 = 0 diamagnet
(Christner et al., 1981; Munck, 1982). In spite of the
unprecedented nature of this interaction, the model has, in
theensuingyears,beentheframework for the interpretation
ofallspectroscopyonsulfite reductaseenzymes (Murphy &
Siegel, 1973; Huynh etal., 1984,1985; Moura et al., 1988).
Unfortunately, although the E. coli 0-subunit has been
crystallized (McRee et al., 1986) and the primary structure
isknown (Ostrowski et al., 1989),a complete interpretation
oftheelectrondensitymap(3-Aresolution)intermsofa 3D
structureencompassingthehemeandtheiron-sulfur hasnot
yet been put forth.

TheEPRdata areindisagreement withthecoupled cubanesirohememodel. Wehavealsoreinvestigatedtwoassimilatorytype sulfite reductases, the complex E. coli enzyme and the
low-molecular-mass, monomeric D. vulgaris enzyme.
MATERIALS AND METHODS
Strains, Growth,andHarvesting. D.variabilis,DSM2060
(Widdel, 1980), was grown at 30 °C on 10 mM pyruvate.
Desulfotomaculum acetoxidans, DSM 771 (Widdel & Pfennig, 1977), and Desulfovibrio baarsii, DSM 2075 (Widdel,
1980),wereboth grown at 37 °C on 10mM butyrate plus5
mMacetate. ThegrowthmediumcontainedNa 2 S04,21mM;
KH2PO„, 1.5 mM; NH4C1, 5.6 mM;CaCl 2 ,1.4 mM; NaCl,
17 mM; MgCl2-6H20, 2 mM; KC1, 6.7 mM; NaHC0 3 , 30
mM;andNa 2 S, 1 mM. For thebrackish waterorganism D.
variabilis,NaClwas220mMand MgCl2-6H20was 10mM.
Inallcases,resazurin,2.2JJM,waspresentasaredoxindicator.
Trace elements were H3BO3,0.1 /»M;A1C13-6H20, 40 nM;
MnCl2-4H20, 0.5 11M; FeCl2-4H20, 10 /iM; CoCl2-6H20,
0.8MM;NiCl 2 -6H 2 0,0.1pM;CuCl 2 ,20nM;ZnCl2,0.5^M;
Na 2 Se0 3 -5H 2 0,11nM;Na 2 Mo0 4 ,150nM;Na 2 WO„-2H 2 O,
15nM. EDTA was also added to 1.3 (iM. Vitamins used
were biotin, 2 nM; folic acid, 2 MM; nicotinamide, 5 IJM;
thiamin HC1,5 jiM; riboflavin, 5 nM;pyridoxine HC1, 10
nM;cyanocobalamine, 5 j»M;p-aminobenzoic acid, 5 /iM;
lipoic acid, 5 MM; and pantothenic acid, 5juM.
Cells were grown in 20-L batch cultures (10% inoculum
v/v)toanabsorbanceofapproximately0.25at660nm.Growth
period and wet-cell yield respectively were 10days and 17g
for D.variabilis and 14daysand 8gfor bothD. acetoxidans
and D.baarsii. Cellswere harvested bycontinuous centrifugation. Thepelletwasimmediately frozen inliquid N 2 and
then stored at -20 °C until use.
Purification of D. variabilis Dissimilatory Sulfite Reductase. FrozencellsofD.variabilisweresuspendedinthree
volumes ofstandard buffer (20 mM Tris-HCl,pH 8.0) plus
5mM MgCl2andaspatulaofDNase. Thecellswerebroken
in a French pressure cell by passing at 135 MPa. Cell-free
extract was obtained as the supernate after a 1-h spin at
100OOOg. Theextractwasdialyzedovernightagainststandard
buffer andloadedontoa60-mLDEAE-Sepharose Fast Flow
anion-exchangecolumn. After a100-mLwashwithstandard
buffer, a 1-Lgradientwasappliedof0-1MNaClinstandard
buffer. Fractionswithdesulforubidin werepooledonthebasis
ofcompleteUV-visiblespectra (peaksat398and545nm;see
the Results section). After concentration (16X) over an
Amicon YM-100filter and overnight dialysisagainst 5mM
potassium phosphate,pH 7.5,thesamplewasapplied ontoa
40-mL hydroxylapatite affinity column and washed with 80
mL of potassium phosphate buffer. A 0.5-L gradient was
applied of 5-200 mM potassium phosphate, pH 7.5. The
pooled fractions were 10X concentrated over Amicon YM100and applied onto a 200-mL Sephacryl S-400 molecular
sieveandeluted withstandard buffer plus500mM KC1.The
desulforubidin peak was 10X concentrated and dialyzed
overnightagainststandard buffer. Thelast purification step
wasbyFPLC(Pharmacia)atambienttemperatureona1-mL
Mono-Q anion-exchange column. The desulforubidin was
eluted with a 0-1 M KG stepped gradient as "fast" and a
"slow" forms, and these fractions were concentrated (15X)
separately over Amicon YM-100. Since the two fractions
proved to be indistinguishable by SDS-PAGE, UV-visible
spectroscopy, and siroheme EPR spectroscopy, they were
pooled.

Weseektoanswer twocentral questions regarding sulfite
reductases: (1) is the Siegel-Munck model of a coupled
cubane-sirohemecorrectand(2)isthemodelgenerallyvalid
for allsulfite reductases? Our approach isto systematically
(re)investigatesulfitereductasesfromdifferent classesbyEPR
spectroscopyandtoscanforinconsistenciesbetweentheEPR
data and the cubane-siroheme model. We have previously
studied the dissimilatory sulfite reductase from D. vulgaris,
adesulfoviridin, andwehavefound thattheiron-sulfur isnot
diamagnatic but has theunusually high system spin5 = 9/z
(Pierik & Hagen, 1991). No interaction between the ironsulfur (5 = 9 / 2 ) and the siroheme (5 = 5 / 2 ) was detected.
Thus,thecoupledcubane-sirohememodeldoesnotappearto
hold for this enzyme. However, matters arecomplicated by
thefactthatdesulfoviridin-typereductaseshavetheirsiroheme
to a considerable extent (>70%) demetalated (Murphy &
Siegel,1973;Mouraetal., 1987,1988;Pierik&Hagen,1991).
Therefore,thetheoreticalpossibilityofcouplingisphysically
limited to a minor part of the molecules.
We have now studied examples of dissimilatory sulfite
reductasesthathaveessentiallyfullymetalatedsiroporphyrin.
We describe one highly purified enzyme from D. variabilis
and two partially purified enzymes from D. baarsii and D.
acetoxidans. These threespeciesall belongtothe subgroup
of sulfate reducers that oxidize acetate via the acetyl-CoA
route;theyallcontaincarbonmonoxidedehydrogenaseactivity
(Jansen et al., 1984, 1985;Schauder et al., 1986;Spormann
& Thauer, 1988, 1989). Sulfite reductase has not hitherto
been described for this subgroup. Below we describe the
dissimilatorysulfitereductasetobeofthedesulforubidin type.

PurificationofD. vulgarisAssimilatory Sulfite Reductase.
D. vulgaris assimilatory sulfite reductase was purified ac-
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cording to the method of Huynh et al. (1984), with a
modification in the order of purification steps: thecrude
extractwasfirst loadedonaDEAEanion-exchangecolumn,
and then on a G-75 molecular sieve, and finally on a
hydroxylapatite affinity column.
PurificationofE.coliNADPHSulfite Reductase. E. coli,
strainC600, wasgrown batchwiseat37°Cinthe medium
describedby SiegelandKamin(1971),withthemodification
glucose, 10g/L,andtheadditions of L-leucine, 100 mg/L,
andL-threonine,50mg/L. Also, 0-acetyl-L-serine [synthesized according tothemethod of Sheenan etal. (1956)],a
stimulantofsulfitereductasebiosynthesis (Siegel & Kamin,
1971;Jones-Mortimeretal.,1968),wasaddedto2mM,except
inthefinal200-L batch (bioreactor, Bioengineering). The
purification from 700gofcellswasessentially accordingto
theclassical methodofSiegel atal. (1973) forwild-typeE.
coliB(DEAE-cellulosewasreplacedbyQ-SepharoseF.F.).
Activity Determinations,Analytical Chemistry, andImmunology. Forspecific activity determinations,the protein
wasmeasuredbyCoomassiestaining (Bradford, 1976). The
sulfite-dependentH2-uptakeactivitywas measuredaccording
to the method of Lee et al. (1973), except that E. coli
hydrogenase wasreplaced by 10p% ofD.vulgaris (Hildenborough)periplasmatichydrogenaseandtheassaywasdone
at30 °C, becausetheorganismwasgrownat thattemperature.
Formetal,heme,andspinstoichiometrydeterminations,the
proteinwasdeterminedusingthemicrobiuretmethod(Bensadoun & Weinstein, 1976). Iron wasdetermined colorimetricallyas theferenecomplex(Hennessyet al., 1984).The
acid-labile sulfide content of the protein was determined
accordingtothemethodofmethyleneblueformation [Fogo
& Popowski, 1949,modified by Hennessy et al. (1984)].
Siroheme was extracted with anHCl/acetone mixture and
subsequently determined as the pyridine hemochrome as
described in Siegel et al. (1978). SDS polyacrylamide
electrophoresis wasperformed withamidget system (Pharmacia)holding8- X5-X0.75-cmgels,accordingtothe method
ofLaemmli(1970). Thecomposition (mass/volume) ofthe
stackinggelwas4% acrylamideand 0.1% bisacrylamide;the
runninggelwas 17.5% acrylamideand0.07%bisacrylamide.
Optical gelscanning was performed using the Gel Analysis
ProgramofaCybertech CS1 CAM1.0. Western blotting,
Immobilonblotting,and polyclonalantibodiesagainstthea-,
|3-, and 7-subunits of D. vulgaris desulfoviridin were as
previously described byPierik etal.(1992a).
Spectroscopy. UV-visibledatawereobtainedwithaDW2000spectrophotometer. X-bandEPRspectroscopywasdone
with a Broker EPR 200 D spectrometer with peripheral
equipmentanddatahandlingasdescribedinPierikand Hagen
(1991). Q-bandEPRspectroscopywas donein the laboratory
of Dr.S.P.J.Albracht (TheUniversityofAmsterdam)on
aVarianE-9spectrometerwitha35-GHzcylindricalcavity.
The modulation frequency wasalways 100 kHz.

Wavelength (nm)

FIGURE1: UV-visibleabsorptionspectrumofD. variabilisdissimilatorysulfitereductase. Theproteinwas 0.127mg/mLin 20mM
Trisbuffer, pH 8.
TableI: Opticaland AnalyticalDataofD. variabilis
Desulforubidin"
absorptioncoefficients (mM-1cm-')
at280nm
at 398 nm
at 343 nm

468
184
52

purityindices

398nm/545nm
398nm/280nm

3.65
0.35

stoichiometrics

siroheme
iron
sulfide

1.4
15 ± 2
19 ± 3

specificactivity(munits/mgofprotein)
*All valuesrefertothea-iffm holoprotein.

350

41 ±6

750

450

Wavelength (nm)

FIGURE2: Absorptionspectrumofpyridinehemochromeafterheme
extractionfromD.variabilisdissimilatorysulfitereductase.
determinethe metalationoftheporphyrininthe D. variabilis
enzyme, the heme was extracted with HCl/aceton and
subsequently complexed with pyridine (Siegel etal., 1978).
Theresultingpyridinehemochromespectrumisgivenin Figure
2. Thespectrumisthatofmetalatedsiroheme(Siegel etal.,
1978; Murphy et al., 1974); its intensity corresponds to
approximately 0.7 heme peraf)y unit of 104 kDa.
Ironand acid-labilesulfurweredeterminedcolorimetrically
(Table I). Thenumbers aretypically intherange reported
for other dissimilatory sulfite reductases.
The sulfite-dependent Hruptakeactivitywas 41 munitper
mgofprotein,whichissomewhatlowerthanvaluesreported
fordissimilatorysulfitereductases,althoughstillin thesame
range (TableI).

RESULTS
D. variabilis Sulfite Reductase IsaMetalated Desulforubidin. Thecolorofpurified D. variabilis sulfite reductase
isredtored-brown,whichindicatesthattheproteinisofthe
desulforubidin type. The UV-visible spectrum ispresented
inFigure 1. Indeed,itexhibitsthepeakat545nmthatisthe
desulforubidinfingerprint.Otherpeaksareobservedat280,
398, and 582 nm (Table I). It has been shown that the
sirohemeindesulfoviridinfromD. gigasand fromD. vulgaris
istoaconsiderable extent demetalated (Murphy &Siegel,
1973; Mouraetal., 1987,1988;Pierik &Hagen, 1991). To
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FIGURE 3: Hexamericajttti subunitcompositionof D. variabilis
desulforubidin as indicatedby SDS-PAGE,followedbyImmobilon
blottingon aPVDFfilterandsubsequentstainingwithCoomassie
BrilliantBlue. Lanes1and2contained3and 1.5figofdesulforubidin,
respectively;lane3,molecularmassmarkermixture.

FIGURE4: Antigeniccrossreactivityofdissimilatorysulfitereductases
from D. variabilis andD. vulgaris.Immunostainednitrocellulose
blot;eachlanewas loadedwith=650ngofdesulforubidinfromD.
variabilis,correspondingto310 ng ofa-,260 ng of0-, and75 ngof
7-subunit. Anti-awas 500Xdiluted;anti-0,2000X;anti-7,1000X.

SubunitCompositionandImmunologicalCrossReactivity.
All dissimilatory sulfite reductases have long been taken to
containtwotypesofsubunitsinthecanonical 02ft heterotetramericcomposition(Leeetal., 1973;Kobayashietal., 1972;
Schedel &Truper, 1979;Hatchikian &Zeikus, 1983). We
haverecentlyreportedmultipleevidencesfortheoccurrence
ofathird,small7-subunitin a^ifi hexamericdesulfoviridin
from D. vulgaris (Hildenborough) (Pierik et al., 1992a).
Immunologicalevidenceindicatedthatthissubunitstructure
alsoappliestodesulfoviridins fromotherspecies;anditwas
suggested that the subunit structure of other dissimilatory
should be (re)examined.
WehavesubjectedD. variabilisdesulforubidin toanalysis
inSDS-PAGE. ThefinalstepinthepurificationoverFPLC
Mono-Q anion exchanger was repeated to obtain a highly
purified enzyme. SDS-PAGE and subsequent Immobilon
blotting,followedby Coomassiestaining,revealedthreebands
withmobilitiescorrespondingto molecularmassesofSO, 42.5,
and« 12kDa. Integrationofdensitometricscansofboththe
Coomassie-stained SDS-PAGE gel and the CoomassiestainedImmobilonblotresultedinastoichiometryof1:1.28:
1.09(a:f3:y) aftercorrectionforthe molecularmasses(Figure
3). Withasubunitcompositionof02/8272.the molecularmass
ofdesulforubidin fromD. variabiliswouldbe208kDa. This
fits wellwiththemolecular massof the holoenzymeof*»200
kDa, asdetermined bygel filtration.
For eachof the threesubunits,theimmunological relation
betweendesulforubidinfromD. variabilisanddesulfoviridin
from D. vulgaris was explored in the cross reactivity of
desulforubidin with polyclonal antibodiesraised against the
desulfoviridin subunits (Figure 4). Each lane of the SDS
polyacrylamidegelwas loadedwith650ng ofdesulforubidin,
corresponding to 325 ng of the a-subunit, 275 ng of the
/3-subunit, and 78 ng of the 7-subunit. After being blotted
ontonitrocellulosemembranes,the membraneswereincubated
withmouseantiserum raisedagainst theindividual subunits
frompurifieddesulfoviridin. Theanti-aantiserumwasdiluted
500-fold,anti-02000-fold,andanti-7 1000-fold. Goatantimouse IgGalkaline phosphataseconjugate (Bio-Rad,Richmond,VA) wasusedforimmunostaining. Onimmunoblots
theantisera exhibited specific responseswiththea- andthe
/3-subunits. The response of the /3-subunit was more pronounced than the responses of the a-subunit. No cross
reactivitycouldbedetectedfor the 7-subunit. Crossreactivity
withthe/3-subunitwasobserved for boththe anti-a andthe
anti-7 antisera (Figure 4).

B/ mT

FIGURE 5: High-spinsirohemeEPR spectraofdesulforubidinfrom
(a) D. variabilis, (b)D. acetoxidans, and(c) D. baarsii. Allthree
spectraare indicativeofquantumspinmixing. Seetextfordetails.
EPRconditions:microwavefrequency,9301 MHz;microwavepower,
0.2(tracea)or 0.5(traceb) mW;modulationamplitude, 1mT;T,
4.2 K.
D. acetoxidansandD.baarsii. Thespectraofthelattertwo
also contain a rubredoxin-likesignal (5 = 5/2>E/D = 1/3,
g= 4.3and»9.6);however,thehigh-spinsirohemesignalis
easilyidentified. All threeproteinsexhibit relativelysimple
spectra, dominated by a single major component of small
rhombicityE/D =0.02-0.04[E/D~ Agj./48(Peisachet al.,
1971)]. AsimilarspectrumhasbeenobservedbyMouraet
al. (1988) forDesulfovtbriobaculatusdesulforubidin. This
simplespectrum can be contasted with thecomplex pattern

EPRSpectroscopyIdentifiesQuantum Mixed Spin Siroheme. InFigure5,wecomparethe^-perpendicularregions
ofthe sirohemeS =5 / 2EPRfromD. variabilisdesulforubidin
and thepartiallypurifieddissimilatorysulfitereductasefrom
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Table II: EPR g
Desulforubidin0

Valuesof Sirohemeand Fe/S from
g*

S = iJ2Siroheme
D.variabilis
6.33(2)
D.variabilis(Q-band)
6.33(8)
D.acetoxidans
6.89
D. baarsii
6.30
signal1
signal2
signal3
|±'/ 2 > doublet
3

|± / 2 ) doublet
|±5/2> doublet
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gy

5.19(2)
5.19(5)
4.95
5.20

«r

1.98
nd'
nd
nd

S = 1/z Siroheme(D. variabilis)
1.782
2.374
1.75
2.340
nd
2.26

2.474
2.530
2.63

S = »/2 Fe/S (Z>. variabilis)
nd
16.1
(0.53)
(16.1)
nd
=8.6
(3.87)
(8.43)
=8.6
nd
(8.95)
(1.88)

nd
(1.10)
nd
(6.12)
nd
(2.13)

"All values refer to X-band unless otherwise indicated
parentheses are calculated for S = 'A, E/D = 0.13, g =
determined.

300
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B/ mT

FIGURE6: Q-bandEPRspectrumoftheD.variabilisdesulforubidin
high-spinsiroheme. Thespectrumestablishestheeffectiveg-values
tobefrequencyindependent. ThesampleisthesameasforFigure
5,tracea. EPRconditions: microwave frequency, 35221MHz;
microwavepower,50mW; modulationamplitude, 1.25mT; T,15
K. Thespectrumisanaverageoffour scans.

Values in
1.90.'Not

integral. The depopulation problem is easily circumvented
bytakingdataatatemperatureof4.2K,wheretheground
doublet is nearly 100% populated. A possible way toavoid
unreliable integrals over wide magnetic field scans is to
numerically simulate thespectrum.
Theangular-dependentinhomogeneousEPRlinewidthin
high-spinhemoproteinsisacomplicatedentityencompassing
contributionsfromseveraldifferent broadeningmechanisms
(Hagen, 1981). However, at X-band frequencies, a major
contribution is from unresolved superhyperfine interactions
(Hagen, 1981;Scholes et al., 1972). This observation goes
somewaytowardexplainingwhysimulationsofthesetypes
ofeffective 5 = '/i spectraemployingaGaussianlineshape
with little angular dependency give satisfactory results [cf.
AasaandVanngard(1975)]. Wehaveusedthisapproachto
quantify thedesulforubidin high-spin hemespectrum.
The simulation in Figure 7, trace b is the end result of
minimization on a rhombic effective g-tensor and a nearisotropicGaussian. Figure7alsocontainstheexperimental
andsimulatedspectraoftheexternalstandard [Cu(H 2 0)] 2+
in aqueous perchlorate. This latter simulation includes
variationoftheinhomogeneouslinewidthasafunctionofm\
(i.e.,theI= 3/z 63,65Cunuclearorientation) accordingtothe
expansion

ofseveralrhombicitiesobservedindesulfoviridins(Mouraet
al., 1988;Pierik & Hagen, 1991;Hall &Prince, 1981;Liu
et al., 1979).
Thespectra inFigure Sandthatof D.baculatus desulforubidin all have another striking property in common: the
averageof thetwoperpendicular g-values falls significantly
shortof thevalueof 6.0 predicted for a puresextet stateof
Fe3+. Mouraetal. (1988) found (6.43 + 5.34)/2 = 5.89for
gav;theydonotcommentonthisunusualvalue. Forthespectra
in Figure 5,we find gav = 5.76, 5.92, 5.75, respectively (c/.
Table II).
Inordertocheckwhethertheseshifts fromthetheoretical
g-valuereflect intermolecularmagneticinteraction,wehave
recordedthespectrumofD. variabilis high-spinhemeinthe
presenceofincreasingamountsofurea(0.4,1.2,and3.6M).
Minorchanges inthelinewidthwereobserved;however,no
significant change in the effective g-values was found (not
shown).
Dipolarinteractionsbetweenparamagnets,whetherintraor intermolecular, can usually be identified by taking EPR
data at twodifferent microwave frequencies. At thehigher
frequency,therelativestrengthofdipolarinteractionsversus
theZeemaninteraction ischangedinfavorofthelatterone.
We have, therefore, recorded the spectrum of D. variabilis
desulforubidinatQ-bandfrequency(Figure6). Theeffective
g-values observed in Q-band are identical within 0.05% to
thosefoundinX-band(cf.TableII). Therefore,theanomalous
g-values are not caused by magnetic coupling. Deviations
fromgav = 6 have been observed previously in cytochromes
c'andinperoxidases,andtheyhavebeeninterpretedinterms
ofquantum-mechanical mixingofanS = s/i andanS = 3/2
state[reviewedbyMaltempoandMoss(1976)]. Thepresent
caseofdesulforubidinwouldbethefirstexampleofaquantum
mixed spin state in a protein from ananaerobic bacterium.
BasedonthemodelcalculationsofMaltempoandMoss(1976;
Figure5),wefindtheexcitedS= 3/2stateat770cm-' above
the5 = i/i ground state.
Quantification of Siroheme EPR. The complete EPR
spectrumof thehigh-spin siroheme inD.variabilis desulforubidin is given in Figure 7, trace a. The accurate quantification ofthesetypesofspectra isusuallynottrivialfortwo
reasons. Depopulationofthe|±'/2> grounddoubletofthe 5
—ili multipletoccurswithincreasingtemperature. Secondly,
slight disturbances of the base line between the middleand
thehighestg-valueresultinrelativelylargeerrorsinthesecond

W(8,<b) = W0(B,4>) + b(6,(k)ml+ higherorderterms (2)
This pattern appears to be general for copper and low-spin
cobaltcomplexes(Hagen, 1981;Froncisz&Hyde,1980)and
hasbeenarguedtobedirectly relatedtothephenomenonof
g-strain (Hagen, 1981).
The advantage of simulating both the spectrum of the
unknown and that of the standard is that the transition
probabilityforallpowderorientationsisincluded. Therefore,
quantification involvesonlythedirect comparison ofsecond
integrals of the simulations with amplitudes normalized to
those of the experimental spectra. The end result of this
procedurewas0.65 high-spinsiroheme perhalf-molecule of
desulforubidin,withtheconcentrationofthelatterdetermined
withthemicrobiuret methodusing amolecular massof208
kDa.
Inthe 4.2 Kspectrum of high-spin siroheme in Figure 7,
tracea,somelow-spinhemeisjustdetectablearoundB« 280
mT. Undertheconditionsemployed,thelow-spinhemesignal
isstrongly saturated. Figure 8 gives the nonsaturated lowspin heme spectrum at 25 K. As we have observed before
withD.uu/gamdesulfoviridin,thereareseveral(atleastthree;
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FIGURE8: EPRofmultiplelow-spinsirohemecomponentsfromD.
variabilisdesulforubidin. Thethree£-valuesofthemajorcomponent
areindicated. EPRconditions: microwavefrequency,9301MHz;
microwavepower,8mW; modulationamplitude, 1.6 mT;T,25 K.

FIGURE7: Computersimulationofthecompletehigh-spinsirohemc
EPRspectrumfromD.variabilisdesulforubidinandfromtheexternal
copper standard. Trace a is from desulforubidin, trace b isthe
simulation,tracecisthecopperstandard,andtracedisthesimulation.
EPRparametersfortracesaandc:microwavefrequency,9.30GHz;
microwavepower,0.2 and0.008 mW;modulation amplitude,1.6
mT;T, 4.2 K. Simulation parameters for trace b: 1000 X20
orientations;^-values,6.30,5.22,1.98;linewidths,3.36,2.8,2.7mT.
Simulationparametersfortraced: 40orientations;g-values,2.071,
2.385;linewidths,3.8,2.7mT; asymmetryparameters(bineq2),
-0.075,0.350;copper(/ =3/2) hyperfinesplittings,0.63, 13.2 mT.

B / mT

FIGURE9: TemperaturedependenceofS ='/j EPRfromFe/Sin
D.variabilis desulforubidin. Tracea(4.2 K),traceb(9 K), and
tracec(16K)wereallrecordedwiththesameamplification. Other
settings: microwavefrequency, 9.30GHz;microwavepower,200
mW; modulationamplitude,2 mT.

cf.Table II) slightlydifferent forms oflow-spin heme. We
havequantitated thesumof all forms bydoubly integrating
thespectrumofFigure8andcorrectingforthesignalaround
g <a 2 (thegi of high-spin heme plus a minor contaminant,
possibly a trace of copper). We thus find 0.20 low-spin
sirohemeperhalfdesulforubidin. Addeduptothehigh-spin
heme,thisgivesatotalof0.85sirohemeperhalfdesulforubidin,
in reasonable agreement with the chemical heme determination. All data are summarized in Table II.
Iron-Sulfur S = 9 / 2 EPR. Low-field EPR as a function
of temperature is presented in Figure 9. Several weak
resonances areobserved with effective g-values upto 16. A
Kramerssystem witheffective ang-value> 14impliesS £
9
/ 2 (Hagen, 1992). Intheweak-field limit(Pierik & Hagen,
1991;Hagen, 1992),thelineatg = 16andthebroadfeature
at g « 8-9 can be fitted to the standard spin Hamiltonian
Hs = D[S*-S(S

greaiis kept at 2.00, a fit isobtained only when allowing for
a distribution in |E/D|from 0.08 to 0.12. Additional weak
absorptions in the range gcii = 10-13 also point to the
occurrence of several rhombicities.
Thelinesaresomewhatbroaderthanthosepreviouslyfound
foranS = '/2 systeminD.vulgarisdesulfoviridin (Pierik&
Hagen,1991);however,thetemperaturedependenceissimilar.
After correctionfordepopulation, theintensitiesofthelines
increase from T - 4.2 to9 K, indicating anegative sign for
the zero-field interaction. Lifetime broadening alsosets in
around9K. Thiscombinationofafastspin-latticerelaxation
andan inverted spin multiplet results in rather unfavorable
conditions for the detection of this typeof EPR, andonlya
very rough estimate of the spin count can bemade.
Fromtheintensity oftheg = 16peakat4.2 and9 K, we
estimateD<=-0.3cm-1 whenassumingS = 9 /2. Thismeans

+ i)/3] + E(SX2-Sy2) + gpB-S (3)

forS =9 / 2 ,|E/D|=0.13,andgTca,= 1.9(cf TableII).When
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the class of assimilatory sulfite reductases, the coupled
siroheme-[4Fe-4S] model is not contradicted by our EPR
results since no high-spin Fe/S is detected.
On the basis of these observations, we propose that the
functional difference betweenassimilatoryand dissimilatory
sulfite reductases is paralleled by structural and magnetic
differences of the iron-sulfur structures. The dissimilatory
enzymeshaveuncoupledFe/Sandsirohemeprostheticgroups.
In the oxidized assimilatory enzymes, the Fe/S cluster is
different, asitisnotdetected byEPR. Itsnatureremainsto
be established.
On the basis of a Mossbauer spectroscopic study, Moura
et al. have previously proposed that both desulfoviridin and
desulforubidin containaferricsirohemeexchange-coupled to
a [4Fe-4S]2+cluster(Moura etal., 1988). Animplicitadhoc
assumption in that analysis (and all previousones) was that
alliron-sulfur clustersinsulfite reductases areofthecubane
type. TheMossbauerdatawere,byconsequence,interpreted
intermsofmixturesofdiamagneticandparamagnaticcubanes
with theexclusion ofanyother interpretation. Remarkably,
the authors were forced to invoke the presence of a stoichiometricextramononuclearironsiteinbothproteins,although
theirEPRdatadonotshowadditionalresonancesattributable
toa ferric site. It would seem tobeworthwhile to readdress
this question without apriori limitations on the modelingof
theclusters,themoresosinceourrecentMossbauerstudyon
aputative6Feclustercontainingproteinpointedtothehitherto
not considered possibility that within a single paramagnetic
clustersomeoftheironionsbehaveasverynearlydiamagnetic
(Pieriketal.,1992b). Wehaveinitiatedworkinthisdirection.
Unityof Dissimilatory Sulfite Reductases. Wehavenow
determined that the dissimilatory sulfite reductase from D.
variabilis isa metalated desulforubidin with the hexameric
subunit composition atfiiyi. The a- and 0-subunits exhibit
crossreactivitywithantiserumraisedagainstthecorresponding
subunits from D. vulgaris desulfoviridin. The 7-subunit,
althoughdetectableonSDS-PAGE,showsnospecificresponse
to the corresponding antibody from D. vulgaris. In our
previouswork,wehaveshowncrossreactivitywiththe<*-,0-,
and7-subunitsofdesulfoviridin fromthreeotherDesulfovibrio
species(Pieriketal., 1992a). Especiallythe7-subunitproved
to be strongly cross reactive. Of all four strains tested [D.
vulgaris(Hildenborough),D.vulgarisoxamicus(Monticello),
D. gigas, and D. desulfuricans ATCC 27774], the anti--y
antiserum exhibited veryspecific responsesonimmunoblots.
Itshould benoted that allfour Desulfovibrio strainscontain
desulfoviridin,whereasDesulfosarcinavariabiliscontainsthe
desulforubidin-type dissimilatory sulfite reductase.

that the |±'/2> doublet is 20D « 6 cm" above the |±'/2>
groundstateandhasapopulationwithintheS =9 / 2 multiplet
ofsome7%at T = 4.2K. Weestimatetheratioofhigh-spin
siroheme over 5 = 9 /2 iron-sulfur cluster using doubly
integrated effective 5 = '/2simulations (just asin Figure7).
The simulation for the S = 9 /2 system was for the |±'/2>
doubletwiththeeffective g-tensorgiveninTableII. Asonly
one g-value (g = 16) is actually observed and no complete
data sets for other systems available and no theory for 5 =
V2 powder line shapes are yet developed, our present
quantification should be considered a rough order-of-magnitudeestimate. After correctionfor thepopulationat4.2K,
we find about 0.4-2.5 S = 9 /2 per high-spin siroheme.
Uponreductionwithexcessdithionite,theproteinbecomes
EPR silent.
Assimilatory Sulfite Reductases. Inourpreviousworkon
D.vulgarisdesulfoviridin, wehavealsoreported onattempts
todetect5 > 7 / 2EPRfrom theFe/Sinatfs E.coliNADPHsulfite oxidoreductase and from the Fe/S in monomeric D.
vulgarisassimilatorysulfitereductase(Pierik&Hagen,1991).
We have now made significantly more concentrated preparationsoftheseproteins,namely,E. colienzyme, 285jtMin
totalsiroheme,andassimilatoryD.vulgarisenzyme,570 iM
in low-spin siroheme, as determined by EPR integrations.
With extensively signal-averaged EPR on these samples at
4.2K,wehavestillnotfound anysignalinthelow-fieldrange,
wherewedofindS = 9 /2signals for desulfoviridin (Pierik &
Hagen, 1991) and for desulforubidin (Figure 9).
DISCUSSION
Disparity of Assimilatory versus Dissimilatory Sulfite
Reductases. Sulfite reductase contains siroheme and ironsulfur. The3Dstructureoftheenzyme,and therefore ofthe
active site, is not known. The catalysis involves (multiple)
electronpairtransfer;therefore,asinglehemeisnot sufficient.
In the Siegel-Mflnck proposal, the active site is modeled as
a 5Fe complex formed by a siroheme bridged to an Fe/S
cubane(Siegeletal., 1973;Chistneretal., 1981). Themodel
follows from an unorthodox interpretation (cf. exchange
couplingbetweenan5 = 5 / 2andanS =0system)ofextensive
spectroscopicdataontheheteropolymeric(asfo) assimilatory
E.colienzyme. Bycomparativespectroscopy,themodelhas
been argued to bevalid also for enzymes from other sources
and with a very different subunit composition, namely,
homopolymeric(0:2)spinachleafnitritereductase(Wilkerson
etal., 1983),monomericassimilatory sulfite reductase (lowspin) from sulfate reducers (Huynh et al., 1984, 1985), and
heteropolymeric(a&fx) dissimilatorysulfitereductasesfrom
sulfatereducers(Huynhetal.,1985;Mouraetal.,1987,1988).
We havepreviously questioned thevalidity of the SiegelMiinck model in general, and we have specifically provided
EPR spectroscopic evidence (the detection of 5 = '/2 EPR
from Fe/S) against its validity for desulfoviridin, the dissimilatorysulfitereductasefromD.vulgaris(Pierik&Hagen,
1991). Our argumentation wascomplicated bythefact that
the siroheme in desulfoviridin is to a considerable extent
demetalated. Therefore, wehavesearched for S =9 /2 EPR
from Fe/S inother typesofsulfite reductases. Wehavenow
found this clue also in fully metalated desulforubidin, the
dissimilatory sulfite reductase from D. variabilis. On the
otherhand,wehavebeenunabletodetectanyEPRwhatsoever
from Fe/S in oxidized assimilatory enzymes, viz. the monomeric D. vulgaris protein and the heteropolymeric E. coli
protein. The finding of uncoupled S = '/2 Fe/S in dissimilatorysulfitereductasesprovidesevidenceagainstthevalidity
of theSiegel-Munck model for thesegroup ofenzymes. For

WehavefoundS =9 /2EPR inD.variabilis desulforubidin
and in D. vulgaris desulfoviridin. Comparable signals are
presentinpublished spectra from D.gigasdesulfoviridin and
D. baculatus desulforubidin (Moura et al., 1988).
Onthebasisoftheseobservations,weproposethefollowing
workinghypothesis: alldissimilatory sulfite reductases have
thehexameric02/^272subunitcomposition;theyalsoallhave
Fe/S with S > 7 / 2 and Fe = 6, i.e., a structure and
paramagnetism analogous to that of the prismane protein
(Hagen & Pierik, 1989; Hagen et al., 1991b; Pierik et al.,
1992) or to that of the nitrogenase P-cluster (Hagen et al.,
1987; Hagen et al., 1991a).
Presently,thishypothesishasnotbeentested for twoother
"types"(i.e.,basedonopticalspectra)ofdissimilatory sulfite
reductases. ForP582from Desulfotomaculum spp,noEPR
and no subunit composition has been reported (Trudinger,
1970). For desulfofuscidin from Thermodesulfobacterium
commune, noEPRdataareavailableandtheearlier reported
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subunit composition, a^i, has not yet been checked for the
presence of 7-subunit (Hatchikian & Zeikus, 1983).
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of a [2Fe-2S] and a [4Fe-4S] cluster in a EPR redox titration
[6]. Reduction potentials of -410 mV of the [2Fe-2S] cluster
and o f - 2 1 0 mVofthe [4Fe-4S]cluster were determined. In this
paper we present data on the EPR properties of P. furiosus
sulfhydrogenase that are consistent with the presence of three,
rather than two signals. We also compare differences in metal
content and reduction potentials. The possibility that the rhombic signal represents a two-electron transferring cluster is discussed.

Abstract The sulfhydrogenase from the extreme thermophile
Pyrococcus furiosus has been re-investigated. The afiyS heterotetrameric enzyme of 153.3 kDa was found to contain 17 Fe, 17
S2~, and0.74 Ni. The specific activity of the purified protein was
80 U/mg. Three EPR signals were found. A rhombic S = 1/2
signal (g = 2.07,1.93,1.89) wasobservedreminiscent initsshape
andtemperature dependence of spectra from [4Fe-4Sl(2+;1*'clusters. However, in reductive titrations the spectrum appeared at
the unusually high potential Em-,5 = - 9 0 mV. Moreover, the signal dissappeared again at Emls = -328 mV. Also, two other
signals appearuponreduction:anear-axial (g = 2.02,1.95,1.92)
5 = 1/2 spectrum (£„75 = -303 mV) indicative for the presence
of a [2Fe-2S| (2+ll+> cluster, and a broad spectrum of unknown
origin with effective g-values 2.25,1.89 (£,,,7.5= -310 mV). We
hypothesize that the latter signal is caused by magnetic interaction of the rhombic signal and a third cluster.

2. Materials and methods
2.1. Growth oforganism
P.furiosus(DSM 3638)wasgrownonpotatostarch (5g/1)inastirred
(150 rpm) 200 liter fermentor (lp 300, Bioengineering, Wald, Switzerland)at 90°C, inamedium described in [7].NaClp.a.wasreplaced by
table salt.The medium alsocontained yeastextract (1g/1)and cysteine
(0.5 g/1).Trace elements were Na2W04, 10fiM;Fe(NH4)S02, 25/iM;
NiCl2, 2.1,«M; H3B03, 0.2ptM; zinc acetate, 1 //M; CuS04, 0.04fiM;
MnCl2-4H20, 1lM; CoSO„, 1.5/JM; Na2MoO„•2H 2 0,0.03flM.Vitamins used were biotin, 2//M; folic acid, 2//M; nicotinamide, 5//M;
thiamin HC1, 5//M; riboflavin, 5//M; pyridoxine HC1, 10/|M; cyanocobalamine, 5//M;/j-aminobenzoic acid, 5//M;lipoicacid, 5//M; and
pantothenic acid, 5/^M. No elemental sulfur (S°) was present. The
medium was continuously flushed with nitrogen to remove evolved
hydrogen gas. Growth was followed by measuring the absorbance at
660nm.Cellswere frozen and stored at -20°C until use.Potato starch
and table salt were obtained from the local grocery.

Key words: Hydrogenase; EPR; Pyrococcus furiosus

1. Introduction
The sulfhydrogenase of the anaerobic archaeon Pyrococcus
furiosus was first isolated by Bryant and Adams [1], P. furiosus
grows near 100°C by fermentation of carbohydrates, resulting
in C 0 2 and H 2 as sole products. However, H 2 is only found
when the organism is grown in the absence of elemental sulfur
(S°). When the culture medium contains sulfur, H 2 S instead of
H 2 is produced. Since H 2 inhibits growth, it was hypothesized
that sulfur reduction is a means of detoxification [2]. Attempts
to isolate the sulfur reductase revealed that sulfur reduction
activity coincided with hydrogenase activity. Therefore, it was
concluded that both H 2 S and H 2 production are catalyzed by
the same enzyme, and by concequence the enzyme was called
sulfhydrogenase [3].The protein is encoded by a chromosomal
operon of four open-reading frames [4] for four polypeptides
of48.7,41.8, 33.2,and 29.6kDa [5]. Unlike other hydrogenases
the P. furiosus enzyme catalyzed preferably H 2 production [1].
Bryant and Adams reported the enzyme to contain 31 Fe, 24
S2", and 1Ni per 185kDa. Despite the high metal content only
two EPR signals were found. In the reduced state the enzyme
exhibited resonances at g =2.03, 1.93, and 1.92, which could
been observed from 70 to 20 K. This signal integrated to only
one spin/mol. Upon lowering the temperature a complex signal
was found with fast spin-lattice relaxation rate, which accounted for another spin/mol. No Ni signals were found. The
former signal was assigned to a [2Fe-2S]cluster, while the latter
was proposed to arise from at least two interacting iron-sulfur
clusters. In a later publication Adams reports the monitoring

2.2. Isolationprocedure
Sulfhydrogenase was purified according to a modification of the
procedure of Bryant and Adams [1]. Ethanol was emitted from the
buffers. Because of a higher capacity a Sephacryl PG 200 molecular
sieve (2.5x 100cm) was used instead of a Superose 6column. As the
first purification step an ammonium sulfate precipitation was performed. Ammoniumsulfate wasadded totheextractto55%saturation.
After a 10min spinat5,000xghydrogenase activitywaslocated inthe
pellet. The pellet was resuspended in standard buffer and dialyzed
against standard buffer. As an extra purification step a 50ml Phenyl
Sepharose hydrophobic interaction column was used. Fractions containing hydrogenase activity eluting from the hydroxyapatite column
were pooled and adjusted to the appropriate ionic strenght of0.25 M
by adding crystals of (NH4)2S04. A 1 liter linear gradient of 0.25-0M
(NH4)2S04 in standard buffer wasapplied. Hydrogenase eluted at 0M
(NH4)2S04.
2.3. Activity measurements, analytical chemistry
Hydrogenase activity was measured in the hydrogen production
assay according to Bryant and Adams [1]using a gas chromatograph
(model 3400, Varian).
Protein was measured using the microbiuret method [8].Iron was
determinedcolorimetrically astheferenecomplex [9],Nickelwasdetermined by atomic absorption spectroscopy on a Hitachi 180-80 Polarized Zeeman Atomic Absorption Spectrophotometer equipped with a
pyrocuvette in the laboratory of Dr. S.P.J. Albracht (The University
of Amsterdam).
SDS polyacrylamide electrophoresis was performed with a midget
system (Pharmacia) holding 8-x 5-x 0.75-cm gels, according to the
method of Laemmli [10].Thecomposition (mass/volume) ofthe stackinggelwas4% acrylamideand0.1% bisacrylamide;therunninggelwas
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17.5%acrylamideand 0.07%bisacrylamide.Thenativemolecularmass
of the protein was determined with a Superose 6 HR 10/30 column
(Pharmacia) equilibrated with standard buffer +0.15 M NaCl using a
flow rateof0.5ml/min.Glucoseoxidase (152kDa),lactatedehydrogenase (109 kDa), transferrin (74kDa), BSA (67kDa), and ovalbumine
(43kDa)wereusedasthemarkersfor thecalibration.Thevoidvolume
was determined with Dextran blue.

Table1
Physico-chemical data on P.furiosus sulfhydrogenase
Ni
Fe
S2"
Spec. activity (U/mg)
£ m [2Fe-2S](mV)
E„[4Fe-4S](mV)
Em 'broad signal' (mV)

2.4.Spectroscopy
EPR measurements and mediated redox titrationswereasin[11].In
titration experiments protein concentration was typically 4pM in 100
mM HEPES pH 7.5, and the following EPR signals were monitored:
the g =1.89 peak of the broad signal at the wings; the g= 1.89 peak
of the rhombic 5=1/2 signal; theg =1.92peak of the near-axial S=
1/2 signal. Titrations were done at 23°C.

nr, not reported.

Previous reports
0.98 ± 0.05 [1]
31 ± 3
[1]
24 ± 4
[1]
360
m
-410
nr
[6]
-210

This paper
0.74 ±0.21
17 ± 2
17 ± 2
80
-303
-90
-310

[6]

ucts (a,0, y, and S) [5]. The sum of the masses of the individual
subunits is 153.3 kDa. To obtain the subunit composition we
performed a gel-filtration experiment. On a Superose 6 column
the native protein ran with an apparent molecular mass of 135
kDa (Fig. 2). This value fits reasonably with a afiyS subunit
composition. Moreover, on a SDS gel all four subunits have
similar intensities (Fig. 1).We therefore conclude that P. furiosus sulfhydrogenase is an afiyS heterotetramer of 153.3 kDa.
Table 1 lists the iron, sulfide, and nickel contents of three
different preparations. The enzyme contained 17 ± 2 Fe, 17 ± 2
S2", and 0.74 ± 0.21 Ni atoms per 153.3 kDa.

3. Results
3.1. Isolation
Our first attempts to isolate the sulfhydrogenase from Pyrococcus furiosus using the procedure described by Bryant and
Adams [1]did not result in a pure hydrogenase sample. Instead,
more then four bands were observed on SDS gel. By use of a
modified procedure, i.e. by using ammonium sulfate precipitation as the first step, and a Phenyl-Sepharose hydrophobic
interaction column,a preparation with a higher apparent purity
on SDS gel was obtained. Clearly, four subunits can be observed of 45, 43, 31, and 28 kDa (Fig. 1). These values fit
reasonably with the values of the subunits deduced from the
amino acid sequence, being 48.7, 41.8, 33.2, and 29.6 kDa for
the a, /?, y, and S subunit, respectively [5], Starting with a
specific activity of =1.0 U/mg, an 80-fold purification was accomplished, resulting in a specific activity of 80 U/mg (see also
Table 1). This is lower than the value reported by Bryant and
Adams, i.e. 360 U/mg, which accounted for a 350-fold purification [1],

3.3. EPR spectroscopy
In the reduced state P.furiosus sulfhydrogenase exhibits two
EPR signals. A near-axial (g =2.02, 1.95, 1.92) S = 1/2 spectrum (Fig. 3C) indicates the presence a [2Fe-2S] cluster as
already proposed by Bryant and Adams [1].Moreover, a broad
spectrum of unknown origin with effective g-values 2.25, 1.89
was detected (Fig. 3E).This signal showed fast relaxation properties since no saturation was observed using microwave powers up to 200 mW. Double integration of the total spectrum in
the reduced state integrated to 1.8 spin/mol; the putative [2Fe2S]cluster alone comprised 0.7 spin/mol. In addition to the two
signals detected in the reduced state we discovered a third
signal, which is observed when the protein is partially reduced.
The shape and temperature dependence of this rhombic S = 1/2
signal (g = 2.07, 1.93. 1.89) are reminiscent of a [4Fe^tS] (2+ll+)
cluster (Fig. 3A). Integration of this spectrum yielded = 0.45
spin/mol. In the oxidized state the enzyme was EPR silent; no
[3Fe^4S] signals could be found, nor did we detect any Ni
resonances. No high-spin resonances were detected at low field
at any stage of the reduction.

3.2. Analytical data
The molecular mass of the protein was previously reported
to be 185kDa [1].However, this valuewas based on an assumed
hexameric subunit composition of a-fiiYi- Recently, it was
shown that the the enzyme consists of four different gen prod1

3.4. Redox titration
To investigate the redox properties of the P.furiosus sulfhydrogenase the enzyme was titrated in thepresence of mediators.
By adding sodium dithionite or ferricyanide the sample was
stepwise reduced or oxidized, and EPR samples were drawn at
redox equilibrium. Table 1lists the reduction potentials of the
different EPR signals. The rhombic S= 1/2 signal appeared
upon reduction of the enzyme; a reduction potential
Emj 5 = - 9 0 mV was determined. Further reduction causes this
signal to disappear with an apparent reduction potential
Eml3 = -328 mV; a bell-shaped curve is obtained (Fig. 4A).
For the near-axial 5 = 1 / 2 signal a reduction potential
£ m 7 5 = -303 mV was determined (Fig. 4B). The broad signals
at the wings of the spectrum appeared with a reduction potential EmJi = -310 mV (Fig.4C). Reversibility was tested by fully

Fig. 1. SDS-polyacrylamide gel with purified P furiosus sulfhydrogenase. Lane 1,molecular marker mixture; lane 2, purified sulfhydrogenase.
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119
molecular mass of 185 kDa. With the exact molecular masses
of the subunits currently known [4],and with a proposed total
molecular mass of 153.3 kDa, we can now correct these numbers to 27 Fe and 21 S2~.These values are still higher than ours.
We find 0.74 Ni, which is close to the previously published
value. Unfortunately, no data on metal content have been presented for the sulfur reductase [3].

0.7

0.6

4.2. EPR spectroscopy and redox properties
We have found two EPR signals in P. furiosus sulfhydroge-

0.5

0.4
3.10

10°

2.103

Molecular mass (Da)
Fig. 2. Calibration of the native molecular mass of P.furiosus sulfhydrogenase with a Superose 6column. Gelnltration was performed as
described in section 2. Kavisthe ratio of the elution volume Ve minus
thevoid volume V0 over the total volume Vx minus the void volume V0.

reducing the enzyme with sodium dithionite and subsequently
stepwise re-oxidizing the enzyme with ferricyanide. No changes
in EPR signals or reduction potentials were observed.
We have also done an aerobic isolation of P.furiosus sulfhydrogenase. The enzyme thus obtained was identical with respect to its activity and redox properties, as well as its EPR
spectra, compared to the anaerobically isolated enzyme. Therefore, we suggest that this hydrogenase is not particularly oxygen-sensitive and there is no necessity to perform the purification under strict anaerobic conditions.
4. Discussion
4.1. Isolation and analytical data
According to the purification scheme published by Bryant
and Adams it should be possible to obtain a 350-fold purification of Pyrococcus furiosus sulfhydrogenase in four subsequent
column chromatography steps [1].However, we were unable to
reproduce their results, as SDS gel electrophoresis of our final
preparation showed that the enzyme was not yet pure. Also,
Mura et al. [4]found itimpossible to purify the sulfhydrogenase
to homogeneity using this method. By use of a modified purification scheme wewere able to purify the enzyme to near homogeneity. The final preparation had a specific activity of 80
U/mg, which represents an 80-fold purification. Both the specific activity and the purification factor are lower than reported
earlier [1]. Ma et al. present the isolation of a sulfur reductase
of P. furiosus [3]. Since sulfur reductase activity and hydrogenase activity coincided during the isolation procedure, it was
concluded that sulfur reductase and hydrogenase are one and
the same enzyme. However, the sulfur reductase could only be
purified thirty-fold instead of 350-fold for the hydrogenase. The
purification factor of thirty-fold appears to be a more realistic
value when compared to our results.
Enigmatic is also the difference in metal content. We find 17
Fe and 17 S2", which is almost twofold lower than reported
previously, namely 31 and 24, respectively [1]. However, the
numbers of Bryant and Adams [1] were based on an assumed

300

350

B (mT)
Fig. 3. EPR spectrum of purified P.furiosus sulfhydrogenase as a
function of redox potential and microwave power. Trace A, spectrum
ofenzymepoised at a redoxpotential of-146 mV;trace B,simulation
ofA(seeTable 2for parameters); trace C, fully reduced enzyme;trace
D, simulation of C; trace E, fully reduced enzyme at high microwave
power. EPR conditions: microwave frequency, 9182± 1MHz; microwave power, 5 mW or (trace E) 200 mW; modulation frequency,
100kHz; modulation amplitude, 0.8 mT; temperature, 20 K (trace A)
or 17 K.
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nase isdue to reductive activation, reversibility was checked by
re-oxidation after reduction. The bell shape of the curve was
reproduced and is therefore not a reflection of some form of
activation. However, the cluster that gives rise to the rhombic
signal could be coupled to a third spin system that is not observed. In this case, reduction of this third system could lead
to a transition of the rhombic signal into the broad signal, i.e.
the broad signal is the resultant of a magnetic interaction between the cluster of the rhombic signal and a third cluster that
has become EPR detectable upon reduction with EmJi = - 3 1 0
mV. Because the resulting interaction spectrum has rapid spinlattice relaxation properties the unseen third spin system is
presumably also fast relaxing. The axial signal has slow relaxation properties and the shape does not point to any interaction,
therefore, it is unlikely that the coupling is caused by this spin
system. The high iron and sulfide content (17Fe, 17Sz~)alllows

Table2
Simulationparameters ofEPR signalsfrom P.furiosus sulfhydrogenase
z-value
_y-value
*-value
'Rhombic Signal'
g-value:
Line width:

2.068
0.0098

1.927
0.0064

1.886
0.0080

'Axial Signal'
g-value:
Line width:

2.0185
0.0050

1.926
0.0040

1.913
0.0045

The simulations assume 5=1/2 and are based on 100x 50 molecular
orientations. The line shape isassumed to bea symmetrical Gaussian
in frequency space; the line width is described as a g-strain tensor
collinear with the g-tensor [14].

nase in the reduced state.As previously proposed the near-axial
signal probably represents a [2Fe-2S] (2+;1+) cluster [1].A reduction potential £ m 7 , = -303 mV was determined for the putative
[2Fe-2S] cluster from P. furiosus hydrogenase. The broad signals at the wings of the spectrum (g =2.25; 1.89)appeared with
a reduction potential £ m 7 5 = -310 mV,which is almost identical with the observed reduction potential of the putative [2Fe2S] cluster. We also detected a rhombic S = 1/2 signal in the
partially reduced enzyme, which possibly arises from a [4Fe4gj(2+;i+) c i u s ter. Its reduction potential is - 9 0 mV. Upon further reduction the signal disappeared again at Eml, = -328
mV, hence a bell-shaped titration curve is obtained (Fig. 3A).
Adams reported to have monitored a [2Fe-2S] cluster in a
titration experiment by following the g = 2.03 peak. A reduction potential of -410 mV was determined [6]. Although the
rhombic signal has not been observed before [1], Adams reported to have followed also a putative [4Fe-4S] cluster by
monitoring the amplitude of the g = 1.88 signal; a reduction
potential o f - 2 1 0 mV was determined [6].The latter resonance
is presumably identical to our 'broad signal'. There is a large
disparity between the reduction potentials determined in our
experiments and the potentials reported by Adams. For the
[2Fe-2S] cluster we find a reduction potential which is 100 mV
more positive. The [4Fe-4S] cluster reported by Adams presumably represents the broad signals for which we determined
a reduction potential that is 100 mV more negative (Table 1).
Our calculations were done with data from three independent
titrations, we therefore propose that the data presented by
Adams are not accurate.
The bell-shape of the titration curve of the rhombic signal
could imply that the corresponding cluster is capable of transferring two electrons. This is unprecedented for this type of
cluster. Sofar [4Fe-4S]clusters have only been shown to switch
between either the 2+ and the 1+ state, or between the 2+ and
3+ state. Iron-sulfur clusters that can take up more than one
electron are thus far limited to a few examples, e.g. the P-cluster
in nitrogenase [12], and the prismane protein [13]. In the
periplasmic Fe-only hydrogenase from Desulfovibrio vulgaris
(Hildenborough) a rhombic signal (g - 2.06) is observed when
the enzyme is partially reduced. Upon further reduction this
signal disappears again, giving rise to a bell-shaped titration
curve. When the enzyme is re-oxidated this signal does not
re-appear. It has been hypothesized that the appearance of this
signal is caused by reductive activation [11]. To exclude the
possibility that the rhombic signal in P. furiosus sulfhydroge-
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for the presence of more than two clusters. Also, the four
subunits have recently been shown to behomologous to the two
subunits of common Ni-hydrogenases and to two of the subunits of a sulfite reductase [5]and, therefore, the afiyS sequence
carries five motifs for five putative iron-sulfur clusters. We
therefore suggest that the rhombic EPR signal does not represent a two-electron transferring cluster, but that its disappearance upon reduction is due to magnetic coupling to an as yet
unidentified spin system.
When we compare the results presented in this paper with
previously presented data we find that there is a remarkable
disparity in metal content, EPR spectra, and reduction potentials. The possibility that we have purified a different protein
does not appeat to be a realistic one. The rhombic EPR signal
(g = 2.07) has been detected only in our enzyme preparation,
yet the axial signal (g = 2.06) and the broad signal (g = 2.25)
have been observed in both studies; it is very unlikely that
different proteins exhibit identical EPR spectra. Alternatively,
the stoichiometry of the four subunits may not be constant.
Because of its homology with a hydrogenase and a sulfite reductase, the P.furiosus sulfhydrogenase can be considered to
be the sum of two functional units: a hydrogenase (a and 5
subunit) and a sulfur reductase (0 and y subunit) each unit
containing its own metal centers. The two units (i.e. either set
of two subunits) need not necessarily be stoichiometrically expressed, for example, the expression of the subunits could be
dependent on the growth conditions, and this could be reflected
by the relative intensities of the different EPR signals, and,
possibly, also by the metal content. However, except for some
minor changes (e.g. the use of starch instead of maltose as
carbon and energy source) the growth conditions used in our
experiments and those of Bryant and Adams [1] are similar.
Moreover, the four structural genes are organized in one transcriptional unit, and no indication was found for posttranslational processing at the amino-terminus [5]. Also, SDS gels of
purified protein presented in both studies revealed the presence

121
of four subunits. The significant discrepancies between the here
presented data and the previous work remain to be resolved.
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Three groups that absorb in the 2100—1800-cm~' infrared spectral region have recently been detected
in Ni-hydrogenase from Chromatium vinosum [Bagley, K. A., Duin, E. C , Roseboom, W., Albracht, S.
P. J. & Woodruff, W. H. (1995) Biochemistry 34, 5527—5535]. To assess the significance and generality
of this observation, we have carried out an infrared-spectroscopic study of eight hydrogenases of three
different types (nickel, iron and metal-free) and of 11 other iron-sulfur and/or nickel proteins. Infrared
bands in the 2100—1800-cm 1 spectral region were found in spectra of all Ni-hydrogenases and Fehydrogenases and were absent from spectra of any of the other proteins, including a metal-free hydrogenase. The positions of these bands are dependent on the redox state of the hydrogenase. The three groups
in Ni-hydrogenases that are detected by infrared spectroscopy are assigned to the three unidentified small
non-protein ligands that coordinate iron in the dinuclear Ni/Fe active site as observed in the X-ray structure of the enzyme from Desulfovibrio gigas [Volbeda, A., Charon, M.-H., Piras, C , Hatchikian, E. C ,
Frey, M. & Fontecilla-Camps, J. C. (1995) Nature 373, 5 8 0 - 5 8 7 ] . It is concluded that these groups
occur exclusively in metal-containing H 2 -activating enzymes. It is proposed that the active sites of Nihydrogenases and of Fe-hydrogenases have a similar architecture, that is required for the activation of
molecular hydrogen.
Keywords: hydrogenase; Fourier-transform infrared spectroscopy; hydrogen activation; nickel; iron-sulfur protein.

Activation of H 2 in a wide variety of microorganisms is performed by enzymes called hydrogenases. Two types of enzymes
are known that can activate H 2 without the need for added cofactors. Ni-hydrogenases (also called Ni-Fe hydrogenases or [NiFe]
hydrogenases) contain one Ni atom and at least one [4Fe-4S]
cluster; more [4Fe-4S] clusters and a [3Fe-4S] cluster are often
detectable. The amino acid sequences of 30 such hydrogenases
are known, only a few of which have been studied in detail
[reviewed by Albracht (1994)]; Fe-hydrogenases [reviewed by
Adams (1990)] contain Fe as their only metal constituent and
are therefore also referred to as Fe-only hydrogenases. The
amino acid sequences of four Fe-hydrogenases are known [reviewed by Albracht (1994)]. Except for the amino acid sequences that encode the binding sites of at least two [4Fe-4S]
clusters, there is no obvious sequence similarity to the Ni-hydrogenases. The simplest Fe-hydrogenase, in terms of prosthetic
groups, is that from Desulfovibrio vulgaris (Van der Westen et
al., 1978). It contains two classical [4Fe-4S] clusters and an Fe-S
cluster, termed the H-cluster, which has been proposed (Hagen
et al., 1986) to contain approximately six Fe ions and to be
directly involved in the activation of H 2 . Fe-hydrogenases are
usually about two orders of magnitude more active than Ni-hy-

drogenases but have a 100-fold-higher Km value for H 2 . In addition to the metal-containing hydrogenases, an enzyme from
Methanobacterium thermoautotrophicum has been characterized
which does not contain any transition metals and yet can activate
H 2 while reducing methylenetetrahydromethanopterin (Zirngibl
et al., 1992). However, this enzyme cannot activate H 2 in the
absence of methylenetetrahydromethanopterin.
There is significant evidence that Ni is involved in the r e activating site of Ni-hydrogenases [reviewed by Albracht
(1994)]. Mossbauer studies of the reduced Chromatium vinosum
hydrogenase (Surerus et al., 1994) suggested the presence of a
lone low-spin Fe ion, a [3Fe-4S] cluster and two [4Fe-4S] clusters. The redox equilibrium between this enzyme and H 2 (at
pH 8.0 in the absence of mediating dyes) involves an n = 2 redox centre at the active site, in which an S = 0.5 Ni species with
bound H 2 participates as one of the redox partners (Coremans et
al., 1992a). The Fe-S clusters are not involved in this equilibrium (Ravi, N., Roseboom, W., Duin, E. C , Albracht, S. P. J.
and Miinck, E., unpublished results). This n = 2 centre has the
same midpoint potential (£j) and pH dependence as the hydrogen electrode. It has therefore been hypothesized (Albracht,
1994) that the active site in Ni-hydrogenases involves a Ni ion
and a lone Fe ion. The crystal structure of Ni-hydrogenase from
Desulfovibrio gigas (Volbeda et al., 1995) indicates the possible
presence of a lone Fe atom in close proximity to the Ni atom.
In Fe-hydrogenase from D. vulgaris in the presence of mediating dyes, the EPR signal proposed to represent the H-cluster

Correspondence to S. P. J. Albracht, E. C. Slater Institute, BioCentrum Amsterdam, University of Amsterdam, Plantage Muidergracht
12, NL-1018 TV Amsterdam, The Netherlands
Fax: +31 20 525 5124.
Abbreviation. FTIR, Fourier-transform infrared.
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behaves as an 5 = 0.5 Fe species with an E'0 of -307 mV (n =
1-2; pH7.0; Pierik et al., 1992). In Clostridiumpasteurianum
Fe-hydrogenase this EPR signal disappears within 6msof mixing with H2(Erbes et al., 1975). The active sites in Ni-hydrogenases and Fe-hydrogenases have therefore been assumed to be
very different.
Three absorption bands in the 2100-1850-cm~' spectral region were described in infrared spectra of Ni-hydrogenase from
C. vinosum (Bagley et al, 1994, 1995). The frequencies and
intensity of these bands were novel for a protein. The bands
were found to have a unique position in seven forms of the
enzyme, which differed either in the redox state or in the state
ofcoordination of theNi centre. Itwas concluded that thebands
represent groups that contain polar triplebonds and/or two adjacentdouble bonds veryclosetotheNicentre,andprobably arise
from ligands attached to this centre.
Recently, another enzyme has been reported to show bands
at approximately 1850c m 1 . In nitrile hydratase from Rhodococcus two bands at 1847c m 1 and 1855cm~' have been ascribed to Fe-bound NO (Noguchi et al., 1995).
To examine how general the infrared-spectroscopy features
of the C. vinosumenzyme are in Ni-hydrogenases, we have extended ourinfrared-spectroscopy investigations. Examination of
the infrared spectra of four additional Ni-hydrogenases from
widely different organisms establishes that the groups responsible for these bands are due to components of Ni-hydrogenases.
Forcomparison,avariety ofFe-Sproteins and someNi-containing non-hydrogenase enzymes were also studied. None of the
spectra from these proteins showed any bands in the 21001800-cm 1 spectral region. We investigated whether other Inactivating enzymes showed such bands. Similar bands were also
observed in two Fe-hydrogenases, but not in the H2-forming
methylenetetrahydromethanopterin dehydrogenase.

MATERIALS AND METHODS
A number of enzymes were purified by published procedures: Ni-hydrogenase from Alcaligenes eutrophus (soluble
NAD+-reducing enzyme; cells were obtained from G. Haverkamp and C. G. Friedrich, Dortmund, Germany; Schneider et
al., 1979; Friedrich et al., 1982);Ni-hydrogenase from C. vinosum (strain DSM 185) (Coremans et al., 1992b); Fe-hydrogenase (Van der Westen et al., 1978) and prismane protein (Stokkermansetal., 1992)from D. vulgaris(Hildenborough);dissimilatory sulfite reductase from Desulfosarcina variabilis(Arendsenetal., 1993);ferredoxin from Megasphaera elsdenii(Gillard
et al., 1965); and rubredoxin from Pyrococcusfuriosus (Blake
et al., 1991).
Other proteins were kind gifts from several laboratories:
Wolinella succinogeneshydrogenase (Albracht etal.,1986) from
A. Kroger (Frankfurt, Germany); Methanococcusvoltaehydrogenase (Sorgenfrei et al., 1993) from O. Sorgenfrei and A. Klein
(Marburg, Germany); M. thermoautotrophicum hydrogenases
(Zirngibl et al., 1992) from G. Hartmann, R. Hedderich and R.
K.Thauer (Marburg, Germany); Fe-hydrogenase from M. elsdenii(Van Dijk et al., 1980,Filipiak et al., 1989) from M. Filipiak
(Wageningen, The Netherlands); the water-soluble Fe-S fragment of the Rieske protein of bovine heart bcx complex (Link et
al., 1992) from T.A.Link (Frankfurt, Germany); Rhodopseudomonas gelatinosa high-potential iron protein (Bartsch, 1978)
from T. E. Meyer (Tucson, AZ, USA); MoFe-protein (component I) of Azotobacter chroococcum nitrogenase (Yates and
Planque, 1975) from R. R. Eady (Brighton, UK);Methanothrix
soehngeniiCO dehydrogenase (Jetten et al., 1991) and methylCoM reductase (Jetten et al., 1990) from M. S. M. Jetten (Wa-

geningen, The Netherlands); and bovine heart Complex I (Finel
et al., 1992) from R. van Belzen (Amsterdam, TheNetherlands).
Spirulina platensis [2Fe-2S] ferredoxin was from Sigma.
Fortheinfrared-spectroscopy comparisons ofthevarioushydrogenases and non-hydrogenase proteins,theproteins weredissolved ineither 50mMTris/HCl,pH8.0,or20-120 mMpotassium phosphate, pH7 - 8 , and concentrated to 0.12-2 mM by
means of Centricon PM30 or PM10 filters. Examination of the
infrared spectra of the buffers revealed no specific infrared absorption bandsinthe2100-1800-cm 1 region.02-sensitiveproteins were kept under Ar in the presence of 2—50mM sodium
dithionite. Samples were treated as indicated in Results and
loaded into a gas-tight infrared-transmittance cell (Bagley etal.,
1994) with CaF2 windows and Teflon spacers of50—60um(total sample approximately 10ul). Aerobic samples were directly
loaded into the cell and the infrared spectrometer was purged
with dry air. 02-sensitive samples were placed in a glove box,
purged with Ar, and loaded into theanaerobic infrared-transmittance cell. Prior to loading the samples, the cell was filled with
a mixture of glucose (80mM) and glucose oxidase (0.4mg/ml)
toremove 0 2 . After 15minthecell wasextensively rinsed with
Ar-saturated buffer. After loading the sample,thecell wastransported to the Fourier-tansform infrared (FTIR) spectrometer in
an anaerobic container and the FTIR spectrometer was purged
continuously with N2. Infrared spectra were collected at room
temperature on a BioRad FTS-60A FTIR spectrometer with an
MCT detector. Spectra were corrected for the water background
by subtraction of the corresponding buffer spectrum. The
multiple-point method of theprogramme WIN-IR (BioRad) was
used for further correction of the base line. Spectral resolution
was 2cirr".
Studies of the pH dependence of the bands were performed
with oxidizedC. vinosum enzymedissolved in50mMofeachof
the following buffers: Mes, pH 6.0; Mops, pH6.75; Tris/HCl,
pH8.0; Taps, pH9.0; glycine/NaOH, pH9.75. Spectra were
collected by means of a Perkin Elmer 1600 FTIR instrument
equipped with a DTGS detector. Spectra were collected at 4cm -1 resolution. Forcomparison ofspectra measured at different
pH values, the intensities of the bands were scaled with theabsorbance at 280nm for the enzyme loaded in the infraredtransmittance cell.

RESULTS
In previous infrared-spectroscopy studies, at cryogenic temperatures,oftheNi-hydrogenasefrom C. vinosum(Bagleyetal.,
1994, 1995)itwasreported thatthisenzyme showed threebands
in the 2100—1800-cm~' spectral region. Thegroups responsible
for these bands responded to all changes in the status of the Ni
centre. We have now extended these studies by examination of
the infrared absorption spectra at room temperature of several
other Ni-hydrogenases to determine whether the presence of
these bands is a general property of this class of enzymes.
C.vinosum hydrogenase.Asonly limited quantities oftheother
enzymes were available, we first tested the minimal concentration required for reliable detection of the major infrared absorption band of the C. vinosum enzyme. Infrared spectra of the
enzyme at different concentrations are shown in Fig. 1.Adirect
linear relationship was observed between the amplitude of the
1945-cm"' band and theenzyme concentration. The band could
still beobserved at50itMenzyme.All subsequent samples were
tested at 0.12-2 mM protein.
The bands at 2092, 2082 and 1945cnr 1 are typical of enzymes with trivalent Ni (Bagley etal., 1995).Thebandsat2066,
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Fig.1. Infrared spectra at room temperature of C. vinosum Ni-hydrogenase at several concentrations. The spectra were averages of
scans at2-cm"' resolution. (A),640 uM, 2048 scans;(B),320 uM, 5000
scans; (C), 213uM, 5000 scans; (D), 107uM, 5000 scans; (E), 53uM,
5000 scans.

2057 and 1910 cm"' (Fig. 1) are here ascribed to an enzyme
with divalent Ni. Although in an earlier study (Bagley et al.,
1995) divalent Ni was ascribed to have bands at 2067, 2051 and
1910 c m - 1 in low-temperature infrared spectra, we consistently
found the second band at 2057 cm"' in room-temperature
spectra.
The shoulder at 1951 cm" 1 detected in these room-temperature studies was not previously reported in spectra of C. vinosum at cryogenic temperatures (Bagley et al., 1994, 1995). Examination of the infrared spectra of unready enzyme (i.e., inactive enzyme which is unready to react with H 2 ; Fernandez et
al., 1985) in its fully oxidized state suggested that this band
displays significant temperature sensitivity. The band was quite
large and well resolved in spectra taken at room temperature (1cm"' resolution) but decreased significantly in intensity (to
nearly background level) when the sample was cooled to cryogenic temperatures (data not shown). In addition, it appeared
that the 1951-cm~' band was maximal in preparations where the
Ni 1+ ion was spin coupled to a system that consisted of an unknown redox group, X, and a [3Fe-4S] + cluster {X'™ = [3Fe4S] + ) (Surerus et al., 1994; Albracht, 1994), and minimal in the
oxidized enzyme where no such spin coupling could be detected
(Ni 3+ X" d [3Fe-4S] + ).
A study of the bands detected by infrared spectroscopy as a
function of pH in the range 6.0—9.75 suggested that there was
no significant change in frequency or intensity for any of the
bands in the 2 1 0 0 - 1 8 0 0 - c m " ' spectral region of oxidized C.
vinosum enzyme over this pH range.
Other Ni-hydrogenases. To determine whether the bands detectable by infrared spectroscopy of the C. vinosum enzyme are
a general property of Ni-hydrogenases, we studied several enzymes from other sources. As an example, the spectrum of an
aerobic sample of the soluble hydrogenase from A. eutrophus is
shown in Fig. 2. The major infrared band is at 1956 c m 1 ,
whereas three minor bands are present at 2087, 2081 and
2071 c m 1 .
Examination of the infrared spectra of three other Ni-hydrogenases in their oxidized forms shows the presence of at least
one intense infrared band between 1960 cm"' and 1850 cm"'
(Table 1). The spectrum of F 420 -non-reducing enzyme from M.

Fig.2. Infrared spectrum at room temperature of the soluble Nihydrogenase from A. eutrophus. The spectrum wasan average of 5000
scans at 2-cm"' resolution.

thermoautotrophicum showed a band at 1955 c m " ' , that of " S e containing F 420 -reducing enzyme from M. voltae showed bands
at 1930 cm"' and 1921 c m " ' , and that of the Ni-hydrogenase
from W.succinogenes showed a band at 1942 cm"' with a shoulder at 1953 cm"'. In addition, as previously reported (Fernandez,
V. M. and Hatchikian, E. C , personal communication), the enzyme from D. gigas shows intense bands in this region. From
the observation of these bands in six Ni-hydrogenases, we conclude that the groups responsible for these bands are probably
present in all Ni-hydrogenases and that they arise from very
similar chemical structures.
Fe-S proteins and Ni-enzymes (non-hydrogenases). Ni-hydrogenases contain Ni and Fe-S clusters as prosthetic groups. To
confirm that the presence of these types of prosthetic groups in
other proteins do not give rise to the infrared absorbances described above, we examined the infrared spectra of a number of
non-hydrogenase proteins that contain either Fe-S clusters, Ni
ions or both. We could not detect infrared bands in the 2 1 0 0 1800-cm"' spectral region in any of the following proteins (Table 1): rubredoxin from P.furiosus; ferredoxins from M. elsdenii
and 5. platensis; the Rieske Fe-S protein from bovine heart;
high-potential iron protein from R. gelatinosa; the prismane protein from D. vulgaris (Hildenborough); the MoFe-protein of nitrogenase from A. chroococcum; dissimilatory sulfite reductase
from D. variabilis; and methyl-CoM reductase and CO-dehydrogenase from M. soehngenii. The published infrared spectra of
CO dehydrogenase from Clostridium thermoaceticum (Kumar
and Ragsdale, 1992) also do not display bands in this region.
The sequence similarity (Albracht, 1993) of the 49-kDa subunit and the PSST subunit, named after the first four amino-acid
residues of this subunit (Arizmendi et al., 1992), of mitochondrial NADH:ubiquinone oxidoreductase (Complex I) with
the large and the small subunits of Ni-hydrogenases, respectively, prompted us to study Complex I from bovine heart. No bands
in the 2100-1800-cm"' region could be detected in this enzyme.
Non-Ni-hydrogenases. We investigated whether other H 2 -activating enzymes showed these bands. We could not find any such
bands in the purified H 2 -forming methylenetetrahydromethanopterin dehydrogenase. We have not tested whether such bands
were induced by addition of the substrate mefhylenetetrahydromethanopterin. This substrate alone has no bands in
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Table 1. Proteins studied by means of infrared spectroscopy. The presence (+) or absence (—) of absorption bands in the 2100-1800-cm
spectral region was investigated.
Protein

Prosthetic groups

Source

Infrared bands

Ni-hydrogenase
Ni-hydrogenase
Ni-hydrogenase
Ni-hydrogenase
Ni-hydrogenase
Metal-free hydrogenase
Fe-hydrogenase
Fe-hydrogenase

Ni, Fe, [3Fe-4S], [4Fe-4S]
Ni, Fe, [3Fe-4S], [4Fe-4S]
Ni, Fe, [3Fe-4S], [4Fe-4S]
Ni, Fe, [4Fe-4S]
Ni, Fe, [4Fe-4S]
none
H-cluster, [4Fe-4S]
H-cluster, [4Fe-4S]

Chromatium vinosum
Alcaligeneseutrophus
Wolinella succinogenes
Methanococcus voltae
Methanobacterium thermoautotrophicum
Methanobacterium thermoautotrophicum
Desulfovibriovulgaris
Megaspheraelsdenii

+
+
+
+
+

Rubredoxin
Ferredoxin
Rieske Fe-S protein
High-potential iron protein
Ferredoxin
Complex I
MoFe-protein
Prismane protein
Dissimilatory sulfite reductase
CO dehydrogenase
Methyl-CoM reductase

Fe(Cys)4
[2Fe-2S]
[2Fe-2S]
[4Fe-4S]
[4Fe-4S]
FMN, [2Fe-2S], [4Fe-4S]
P-cluster, FeMo cofactor
[6Fe-6S]
siroheme, [*Fe-4S]
Ni, [xFe-yS]
Ni (F430)

Pyrococcusfuriosus
Spirulinaplatensis
Bovine heart
Rhodopseudomonasgelatinosa
Megasphaeraelsdenii
Bovine heart
Azotobacterchoococcum
Desulfovibriovulgaris
Desulfosarcinavariabilis
Methanothrixsoehngenii
Methanothrixsoehngenii

-

+
+

duced with H 2 and reoxidized with protons (i.e. by replacement
of H 2 with Ar for several vacuum/Ar cycles), a number of bands
appeared (2017, 1986, 1973, 1965, 1940, 1894 and 1812 c m - ' ;
Fig. 3C). The dithionite-reduced Fe-hydrogenase from M. elsdenii (Fig. 3D) only showed bands at 1965, 1938 and 1892 cm"'.
With this enzyme we found that the bands at 1965 cm"' and
1938 cm"' bands were maximal, and the 1892-cirr' band was
minimal, in the absence of dithionite, whereas the opposite occurred in the presence of excess dithionite. The major band detected by infrared spectroscopy of fully reduced Fe-hydrogenases from both bacteria was at 1 8 9 2 - 1 8 9 4 c m - ' . The enzyme
in less-reduced states showed a variety of bands at different positions, presumably due to the presence of enzyme molecules in
various redox states. These observations suggest that the Fehydrogenases also display the infrared features detected in the
Ni-hydrogenases and that, like the Ni-hydrogenases, the bands
detected by infrared spectroscopy in the Fe-hydrogenases are
sensitive to the oxidation state of the active site.

DISCUSSION

Wavenumber(cm-')

Fig.3. Infrared spectra of Fe-hydrogenases from D. vulgaris and M.
elsdenii. The spectra were averages of 5000 scans at 2-cm"' resolution.
(A), enzyme from D. vulgaris isolated in air; (B), D. vulgaris enzyme
reduced with 50mM dithionite for 2h at room temperature; (C), D.
vulgaris enzyme treated with H2 for 15min at room temperature then
with Ar for 2h at room temperature; (D),M. elsdenii enzyme prepared
in the presence of 10mM dithionite.
the 2100-1800-cm" 1 region (G. Hartmann and A. Klein, personal communication).
The Fe-hydrogenases from D. vulgaris and M.elsdenii, however, showed bands in the 2 1 0 0 - 1 8 0 0 cnr'-region (Fig. 3). The
D. vulgaris enzyme, isolated in air (Fig. 3A), showed bands at
2008, 1983 and 1847 cm" 1 . Upon reduction with dithionite a
major band at 1894 cm"' and minor bands at 2041, 1964 and
1916 cm"' were observed (Fig. 3B). When the enzyme was re-

C. vinosum hydrogenase. The band at 1951 cm"' has only been
detected reproducibly in preparations which showed a large
amount of spin coupling between Ni' + and the {Xox — [3Fe4S] + } species. This coupling is not well understood. X behaves
like an n = 1 Nernst redox component with an E'Bof + 1 5 0 mV
(Coremans et al., 1992b). There are indications (Surerus et al.,
1994) that X might be an Fe ion or a radical species close to the
[3Fe-4S] cluster. The observation of the spin-spin interaction in
EPR experiments suggests that the distance between the N p +
and the (X°* = [3Fe-4S] + ) system is much shorter than that between the Ni atom and the [3Fe-4S] cluster (approximately
2.1 nm) in the X-ray structure of the D. gigas enzyme (Volbeda
et al., 1993, 1995). After reduction of X, the Ni 3 + spin has no
interaction with the S = 0.5 of the oxidized [3Fe-4S] cluster (or
the 5 = 2 of the reduced cluster), which shows that they are far
apart under these conditions (Albracht et al., 1984; Asso et al.,
1992). It is possible that a structural change takes place when X
changes oxidation state. Given the apparent correlation between
the detection of the 1951-cm"' band and the spin-coupled state,
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we suspect that the band at 1951 cm ' might represent X in its
oxidized state. This possibility is currently under investigation.
Groups in metal-containing hydrogenases detectable by infrared spectroscopy. The results presented here indicate that the
bands in the 2 1 0 0 - 1 8 0 0 - c m - 1 spectral region are exclusively
present in metal-containing H 2 -activating enzymes. They are not
simply due to the presence of Fe-S clusters or Ni. This finding
and the response to specific changes of the active sites in these
enzymes strongly indicate that the groups involved are an integral part of the H 2 -activating site. The major bands in the Nihydrogenases and Fe-hydrogenases are in the 2 0 2 0 - 1 8 1 0 - c m - 1
region.
As previously discussed (Bagley et al., 1994, 1995), it is
unlikely that the bands in the spectrum of the C. vinosum enzyme are due to exchangeable CO molecules, bonds that involve
an exchangeable proton, or a metal hydride. The frequency and
intensity of the bands in the 2 1 0 0 - 1 8 0 0 - c m - 1 spectral region
are most consistent with chemical groups that contain polar triple bonds (e.g., cyanide, CO, metal-bound N 2 ) or a system of
adjacent double bonds (e.g., azide, thiocyanate, isothiocyanate)
(Nakamoto, 1978; Colthup et al., 1990). Metal-coordinated NO
has recently been proposed to be present in the Fe-containing
enzyme nitrile hydratase (Noguchi et al., 1995) based on detection of two "N-sensitive bands at 1855 cm" 1 and 1847 cm" 1
in the infrared spectrum of this enzyme. The frequency detected
in the nitrile hydratase enzyme is most consistent with a neutral or negatively charged ligand since neutral NO and negatively charged NO have v(NO) stretching frequencies below
1880 c m - 1 . Of the metal-containing hydrogenases studied only
one of the Fe-hydrogenases showed bands which were so low
in frequency (Fig. 3), which suggests that most, if not all, of the
bands detected are not due to a neutral or negatively charged
nitrosyl ligand. However, positively charged NO ligands (nitrosium) coordinated to metals have significantly higher frequencies and may be consistent with a number of the infrared
frequencies detected in the 2 1 0 0 - 1 8 0 0 - c m - 1 spectral region of
the metal-containing hydrogenases.
The X-ray structure of Ni-hydrogenase from D. gigas indicates that there are three non-protein groups coordinated to the
Fe at the binuclear Ni/Fe active site (Volbeda et al., 1995). The
three groups detectable by infrared spectroscopy in Ni-hydrogenases described here are probably the same three non-protein
groups detected in the X-ray structure. Since the position of the
bands detected by infrared spectroscopy is highly sensitive to
the status of the Ni-centre as monitored by EPR, it was concluded (Bagley et al., 1995) that the groups were ligands to Ni.
However, the X-ray data indicate that the three non-protein
groups are ligands to the Fe atom. None of the EPR signals
ascribed to Ni in the C. vinosum enzyme showed any broadening
when inspected in preparations more than 90% enriched in 37 Fe,
but all of them showed broadening or splitting in 61 Ni-enriched
preparations (Duin, E. C. and Albracht, S. P. J., unpublished
results). This finding suggests that unpaired spins in the active
site are localized on Ni, rather than on Fe. If the groups detectable by infrared spectroscopy are ligands to the Fe ion, then
electronic changes on the Ni ion, as monitored in EPR, are effectively transferred to the Fe ion, resulting in changes of the infrared frequency of the three unknown groups.
The finding of three minor bands in the infrared spectra of
the soluble A. eutrophus enzyme (Fig. 2), instead of two bands
in the C. vinosum enzyme, might be related to the finding that
in the Alcaligenes enzyme no significant EPR signals of Ni can
be evoked under any redox conditions (Cammack et al., 1986),
unless artificial redox dyes are added (Happe, R., Massanz, C ,
Friedrich, B. and Albracht, S. P. J., unpublished results). This
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enzyme is not inhibited by 0 2 or CO (Schneider et al., 1983).
We speculate that the active site in this enzyme contains an extra
group detectable by infrared spectroscopy that fixes the Ni in
the divalent state and blocks the site where CO and 0 2 can attack
other Ni-hydrogenases.
The presence of these groups detectable by infrared spectroscopy in the active sites of metal-containing hydrogenases suggests some similarities in the structure of the H 2 -activating
centres of Ni-hydrogenases and Fe-hydrogenases. As one of the
possibilities we speculate that the H 2 -activating centre in both
enzymes consists of a bi-metallic centre (Ni/Fe in Ni-hydrogenases or Fe/Fe in Fe-hydrogenases) involving a low-spin Fe ion,
the groups detectable by infrared spectroscopy and thiols from
Cys residues.
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The purification and characterization of a ferredoxin from Desulfovibriovulgaris(Hildenborough) is
described. Theprotein canbeisolated intwoforms; themajor form is strongly complexed toRNA,while
a minor form is free from nucleic acid. Bound RNA cannot be removed by digestion with nucleases, or
by heating to 70°C, and it can only be partially removed by rechromatography. The ultraviolet/visible
spectrum shows typical absorption maxima at 280nm and 400nm for the RNA-free ferredoxin. The
RNA-bound protein exhibits an additional strong peak at 260nm. The RNA can be extracted from the
protein with phenol. The ferredoxin is a dimer of subunits, each of 7.5 kDa; its pi is 3.9. The protein
contains a [4Fe-4S](2+il+> cluster with an EPR spectrum (g = 1.90, 1.93 and 2.05) in the reduced state.
A reduction potential of —360mV was determined for the RNA-free ferredoxin with reversible voltammetry at glassy carbon. From the temperature dependence of the reduction potential, the unusually high
standard reaction entropy was calculated as AS* = —230J •K"' •mol -1 . No electrochemical response
was obtained with the RNA-bound ferredoxin. Binding of RNA appears to require the presence of an
intact cluster, since the absence of absorption at 400nm runs in parallel with the absence of absorption
at 260nm. The possibility is discussed that the binding to the RNA has a regulatory function and is
controlled by the state of the cluster.
Keywords.Ferredoxin; mRNA; bioelectrochemistry; EPR; Desulfovibriovulgaris(Hildenborough).

Bacterial ferredoxins are small iron-sulfur (Fe-S) proteins
containing one or two Fe-S clusters. The proteins are supposed
to act as electron carriers, i.e. they shuttle electrons between
enzymes involved in redox catalysis.Each cluster can reversibly
take up one electron. In sulfate-reducing bacteria, ferredoxins
have been found to contain either one [4Fe-4S] cluster, two
[4Fe-4S] clusters, one [3Fe-4S] cluster, or one [4Fe-4S] cluster
plus one [3Fe-4S] cluster [1, 2].
Some ferredoxins are known to undergo cluster interconversion.Azotobacterchroococcumcontains a7Feferredoxin. Inthe
reduced state, the [3Fe-4S]<0) cluster has a high affinity for
Fe(II), leading to uptake of a ferrous iron atom. A [4Fe-4S]<2+)
cluster is formed, which can subsequently be reduced to a[4Fe4S]" +) cluster [3]. It was believed that uptake of iron(II) only
occurs when cellular nucleic acid is bound [4]. InAzotobacter
vinelandiistrains that lacked thegene encoding for ferredoxin I,
an 18-kDa acidic protein of unknown function was found to be
overexpressed [5]. It was proposed that ferredoxin I acts as a
repressor of this 18-kDa protein [4].No evidence has yet been
provided tosupport thishypothesis.In mammals,iron homeostasis is controlled by an Fe-S protein, the so-called iron-responsive-element-binding protein. Interconversion between a [3Fe4S] and a [4Fe-4S] cluster of this protein is proposed to control
protein expression at the level of mRNA [6, 7].Based on these
facts, Thomson [4]hypothesized that ferredoxins may represent
a class of DNA-binding proteins that play arole in gene regulation in prokaryotes.
Correspondence to W. R. Hagen, Laboratorium voor Biochemie,
Landbouwuniversiteit,Dreijenlaan 3,6703HAWageningen,TheNetherlands
Fax:+31 837084801.
Abbreviation. NHE,normalhydrogenelectrode.

Ferredoxin from D. vulgaris strain Hildenborough was isolated by Akagi in 1967 [8].A role in electron transfer between
periplasmic hydrogenase and cytoplasmic pyruvate dehydrogenase was proposed.
In this paper, we describe the isolation and characterization
of D. vulgarisferredoxin which istightly bound tonucleic acid.
A possible role of this protein is discussed.

MATERIALS AND METHODS
Purification. D. vulgarisstrain Hildenborough (NCIB8303)
was grown in our home-built 300-1fermentor in Saunders' medium [9] at 37°C under a nitrogen atmosphere. At the end of
the exponential growth phase, the cell suspension was concentrated to a volume of 301. The cells were harvested by continuous centrifugation (Sharpless laboratory Super-centrifuge);
the yield was typically 150g wet mass. All further steps were
carried out in air.The cellpaste was suspended in 3vol.20mM
Tris/HCl, pH8.0 (standard buffer) plus 5mM MgCl2, 2mg
DNase I and 2mg RNase A. Cells were disrupted by passage
through a chilled Manton-Gaulin press (84 MPa). A cell-free
extract was obtained as the supernatant after a 1-h spin at
lOOOOOXg. All further steps were carried out at 4°C. The extractwas diluted to the appropriate ionic strength (0.1MNaCl),
and subsequently applied onto a DEAE anion-exchange column
(5cmX10cm; Pharmacia). A 2-1 linear gradient of 0-0.5 M
NaCl in standard buffer was applied. Proteins were routinely
monitored by the absorbance at 280nm. Ferredoxin eluted
shortly after desulfoviridin at approximately 0.25 M NaCl. All
fractions from 0.25 M NaCl onward were concentrated over an
Amicon YM-100 filter, allowing smaller proteins to pass
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through the filter whereas larger proteins (e.g. desulfoviridin)
were retained. The filtrate was concentrated over an Amicon
YM-3 filter to a volume of 2ml and applied to a Sephadex-75
molecular sieve column (2.5cmX80cm; Pharmacia). The column was eluted with standard buffer plus0.15 MNaCl.The last
purification step was by Mono-Q chromatography (Pharmacia).
A 30-ml linear gradient of 0 - 1 M NaCl in standard buffer was
applied. Nucleic-acid-free ferredoxin eluted at 0.25 M NaCl,
while the nucleic-acid-bound fraction eluted at0.4MNaCl.The
ferredoxin was concentrated over an Amicon YM-3.
N-terminal sequencing. 100-pmol quantities of both nucleic-acid-bound and nucleic-acid-free ferredoxin were freeze
dried.Gas-phase sequencing of these samples was carried out at
thesequencing facility oftheNetherlands Foundation for Chemical Research (SON; Dr R. Amons, University of Leiden, The
Netherlands).
Cluster destruction. Destruction of iron-sulfur clusters was
performed by oxidation with 1mM ferricyanide in 20mMTris/
HC1, pH 8.0, in the presence of oxygen for 30min, at 30°C.
After incubation, theprotein wasloaded ontoaMono-Qcolumn,
and eluted with a linear gradient of 0—1M NaCl in the same
buffer. The efficiency of the destruction was monitored by visible spectroscopy. After elution from thecolumn, theprotein did
not absorb at 400nm, indicating that the protein was devoid of
Fe-S clusters.
Isolation of ferredoxin-bound nucleic acid. Ferredoxinbound nucleic acid was isolated by extraction of the purified
protein with phenol and with chloroform/isoamyl (24:1) [10].
The nucleic acid was precipitated overnight with 2 vol. ethanol
inthepresence of 0.3M NaAc,pH5.2,collected by centrifugation (10min, lOOOOXg) and dissolved in 150ill RNase-free
water. For removal of 5' terminal phosphate groups, approximately 30ug nucleic acid was incubated for 1h at 50°C with
5Ucalf intestine alkaline phosphatase (Boehringer) inthe buffer
obtained from the supplier. After addition of EDTA (to 10mM)
and SDS (to 0.2%, mass/vol.), the enzyme was inactivated by
incubation for 15min at 65°C and removed by extraction with
phenol (twice) and chloroform/isoamylalcohol. After overnight
precipitation withethanol, thenucleic acid wascollected bycentrifugation and dissolved in 20 u.1 sterile water.
Isolation of total DNA and RNA. Total RNA from D.vulgaris was isolated as described previously [11]. After removal
oftraces ofDNA with RNase-free DNaseI(in 10mMTris/HCl,
pH8.0, plus 5mM MgCl2), the RNA was sonicated (3X10 s,
amplitude 22 microns) to a rather uniform fragment size of approximately 150 nucleotides. After extraction with phenol and
precipitation with ethanol, the RNA was dephosphorylated with
calf intestine phosphatase as described above.
Total DNA was isolated as described previously [12].
Labeling of the nucleic acid. Dephosphorylated nucleic
acids (fragmented totalRNA andnucleic acid isolated from ferredoxin) were made radioactive by transfer of the labeled phosphate of [y-32P]ATP (3000Ci/mol, 10uCi/ml, Amersham) with
T4 polynucleotide kinase (Gibco/BRL). Highly radioactive nucleotide acid for hybridization was made in a 20-ul incubation,
containing 250ng dephosphorylated nucleic acid isolated from
ferredoxin (approximately 30pmol), 17pmol [y-32P]ATP
(50uCi), 10U T4 polynucleotide kinase in 50mM Tris/HCl,
pH7.6,10mMMgCl2,5mMdithiothreitol, for 1 hat37°C.The
reaction was stopped by addition of EDTA, followed by heat
inactivation of the enzyme (10min, 65°C). Similar conditions
were used to radiolabel fragmented total D. vulgarisRNA.
For electrophoretic analysis, the nucleic acid was labeled
with only 0.8pmol (2.5uCi) [y-32P]ATP and 1 U kinase. After
1 h at 37°C, the incubation mix was split into three portions.
One portion received 1ug RNase A (Sigma; made DNase-free
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by boiling for 10min in 50mM NaAc, pH5.2), the second received 20UDNase I(Boehringer, RNase-free); noaddition was
made to the third portion. After further incubation (20min,
37°C) the reactions were stopped by addition of an equal volume of loading buffer containing 10mM EDTA in formamide.
Sizedetermination ofthe nucleic acid.The32P-labeled nucleic acid samples (untreated and digested with RNase A or
DNase I) were size fractionated in a40-cm long 15%polyacrylamide gel containing 8M urea [10],alongside synthetic oligodeoxynucleotides ofdefined size(17,22,23,31and 36residues)
and a synthetic sequence ladder (10—36residues). Oligonucleotides were also made radioactive by end labeling.
Hybridization of the nucleic acid with D. vulgarisDNA.
D. vulgarisgenomic DNA was digested with several restriction
enzymes, size fractionated in a 0.7% (mass/vol.) agarose gel,
denaturated and transferred to a nitrocellulose membrane [13].
After baking the membrane (2h, 80°C), excess binding sites
were saturated by incubation in 100ml 1% blocking reagent
(Boehringer) in 0.1M Tris/HCl, 0.15 M NaCl, pH7.5 (2h,
42°C), followed by overnight incubation in 100ml 5X0.15M
NaCl, 0.015 M sodium citrate (NaCl/Cit), 0.1% SDS, 5xDenhardt's solution and 100ug/ml sheared,heat-denaturated herring
sperm DNA. The blot was hybridized overnight with 125ng
highly radioactive end-labeled nucleic acid in 5ml of the latter
solution (but without theherring sperm DNA) in ahybridization
stove at30°C.Subsequently, theblotwas washed with 2XNaCl/
Cit, 0.1% SDS at 35, 43, 50 and 55°C (2X100ml, 2X30min
at each temperature) with intermittent exposure to X-ray film.
The same blot was re-probed with radioactive total D.vulgaris RNA. In this case, hybridization was at 40°C, and the
wash steps at 45°C and 53°C.
Analytical determinations. SDS/polyacrylamide electrophoresis wasperformed with amidget system (Pharmacia) holding SDS-containing polyacrylamide gels (8X5X0.75 cm)intricine buffer [14], The composition of the stacking gel was 4%
acrylamide and 0.1%bisacrylamide;the running gel was16.5%
acrylamide and 3% bisacrylamide. Isoelectric focussing was
performed on Phast System (Pharmacia) holding aPhastGel IEF
3 - 9 focussing gel. Both gels were stained with Coomassie blue
[15].
The native molecular mass of nucleic-acid-free ferredoxin
was determined with a Superose 12 HR 10/30 column (Pharmacia) equilibrated with 20mM Tris/HCl, pH 8.0, plus 0.15M
NaCl, at a flow rate of 0.5ml/min. Ovalbumin (43kDa), carbonic anhydrase (30kDa), cytochrome c, (14.1kDa), cytochrome c533 (9.2kDa) and vitamin B12 (1.36kDa) were used as
markers for the calibration. Dextran blue was used to determine
the void volume.
Spectroscopy. Ultraviolet/visible spectra wererecorded with
a DW-2000 spectrometer (Aminco).EPR spectroscopy was carriedoutwithaBrukerEPR 200Dspectrometer using peripheral
equipment and data handling as described previously [16]. The
modulation frequency was 100kHz. Since only a very small
amount of nucleotide-free ferredoxin could beobtained, allEPR
spectra were performed with nucleotide-bound ferredoxin.
Cyclic voltammetry. Cyclic voltammograms were recorded
with a BAS CV27 potentiostat (Bioanalytical systems) connected toaPhilips PM 8043x-y-t recorder (Philips).Thepotential axis was calibrated with a Fluka 8022-A digital multimeter.
The electrochemical experiments were performed with a threeelectrode microcell using the method described previously [17].
The working electrode was a nitric-acid-activated glassy carbon
disc (Le Carbon Loraine); as the counter electrode, the PI312
micro platinum electrode (Radiometer) was used. The potential
was measured with reference to a K-401 saturated calomel
electrode (Radiometer). All reported potentials have been recal-
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Fig.2. Ultraviolet/visible absorption spectra of isolated D. vulgaris
ferredoxin.Dottedline,afterG-75 gelfiltration;brokenline,afterclusterdestruction;solid line,RNA-free ferredoxin.

Fig.1. Tricine-buffered SDS/polyacrylamidegelwithD.vulgaris ferredoxin.Lane1,molecular-markermixture;lane2,purified ferredoxin;
lane3, cell-free extract.

cleic-acid-free protein, which can be isolated on Mono-Q. The
remaining ferredoxin is strongly associated with nucleic acid,
and it can only be partly dissociated from the nucleic acid.
The nucleic-acid-bound ferredoxin eluting from the G-75
gel-filtration column (Fig.2, dotted line) exhibits a broad peak
at400nm,typical for Fe-Sproteins,but alsoa strong absorption
at 260nm is observed, indicative of nucleotide binding. The
AwJA2m ratio of this sample is greater than one. For RNA and
DNA, this ratio is 1.8—2.0, whereas for proteins it is less than
one. The spectrum of the nucleic-acid-free ferredoxin (Fig.2,
solid line) lacks the strong absorbance at 260nm. The A^Arm
ratio for this preparation is smaller than one and the AioJA2l0
ratio is 0.44, which is somewhat lower than the value of 0.63
reported by Akagi [8].
Several attempts were made to determine whether or not the
bound nucleic acid could be removed. Treatment with RNase,
DNase or Benzon Nuclease (Merck) followed by chromatography did not lead to dissociation of the nucleic acid, nor did
heating of the protein to 70°C followed by digestion with
nucleases and chromatography. Rechromatography on Sephadex-75orhydroxyapatite could not remove thenucleic acid.Repeated rechromatography onMono-Q afforded only partially nucleic-acid-free protein. Chromatography under reducing conditions, e.g. using buffers containing 2mM difhionite, did not remove the bound nucleotides; this was checked by Mono-Q and
hydroxyapatite chromatographies. Adding Fe(II) to the buffers
did not lead to dissociation of the nucleic acid. Destruction of
the Fe-S cluster (by ferricyanide treatment in the presence of
oxygen) removed the absorption at 260nm, indicating that an
intact cluster is required for nucleotide binding (Fig.2, broken
line).

culated with respect to the normal hydrogen electrode(NHE).
During the experiments, the temperature was kept constant by
immersing the electrochemical cell in a thermostated waterbath.
The same setup was used for measurement of the temperature
dependence. Typically, 20ul ferredoxin (A400~ 2) was used, in
20mM Hepes, pH7.0, containing 1 mM neomycin.
RESULTS
D. vulgaris ferredoxin binds tightly to nucleic acid. During
isolation procedures for other cytoplasmic proteins from D.vulgaris (Hildenborough), it was noticed that a yellowish fraction
eluted from the first anion-exchange column at high ionic
strength. Moreover, this protein absorbed strongly at 260nm.
When the protein was further purified over an Amicon YM 100
filterand a Sephadex G-75 molecular sieve, an apparent homogeneous preparation wasobtained. Theisolated protein appeared
as a single band that moved with a mobility corresponding to a
molecular mass of 7.5 kDa (Fig. 1, lane 2). On a Superose 12
column, the native protein ran with an apparent molecular mass
of 15.8kDa (not shown), suggesting that the protein is ahomodimer of subunits, each of 7.5 kDa. On an isoelectric focussing
gel, the protein moved to a pHof 3.9 (not shown). These data
are in agreement with those for ferredoxins, we therefore conclude that the isolated protein is a ferredoxin. Abatch of 150g
wet cell mass yielded about 1mg protein. It is not certain
whether 1mg corresponds to all ferredoxin present in the cell.
However, SDS/PAGE of the cell-free extract (Fig. 1, lane 3)
shows no protein with an apparent molecular mass of 7.5 kDa,
indicating that the protein is expressed in small amounts in the
cell.

Attemps tosequence theN-terminus oftheferredoxin failed.
It appeared that the protein chains of both nucleic-acid free and
nucleic-acid-bound ferredoxin were blocked.

Akagi [8] reports the association of absorbance at 260nm
with D. vulgarisferredoxin. He used an alumina column tosuccessfully removethismaterial.Wewereunable toreproducethis
latter result. However, application of the ferredoxin to a MonoQ column resulted in the separation of nucleic-acid-bound and
the nucleic-acid-free ferredoxin. The majority of the ferredoxin
eluted at 0.4 M NaCl as nucleic-acid-bound protein (A4OO/A2s0 **
0.02), whileaminor fraction eluted at = 0.3MNaCl asnucleicacid-free protein (Aioo/A2ao ~ 0.44). In this way, typically =
100(ig of nucleic-acid-free protein could be obtained, although
there is a variation in the yield; some isolations yielded essentially nucleic-acid-bound ferredoxin. When the nucleic-acidbound ferredoxin was rerun on a Mono-Q column, the nucleic
acid could be partially removed. After repeated chromatography
(i.e. six or seven times), the initial A^JA^ ratio of 0.02 could
be increased tenfold to 0.2. The amount of protein at this stage
was hardly detectable by ultraviolet/visible spectroscopy. Apparently, part of the ferredoxin exists in the bacterial cell as nu-

Characterization of the ferredoxin-bound nucleic acid. To
study the nature of the nucleic-acid-bound to theferredoxin, the
nucleic acid was isolated with phenol extraction and labeled
with [y-32P] ATP. It should be emphasized that the ferredoxin
had been treated previously with DNase I and RNase A; therefore, the isolated nucleic acid represents fragments that are protected from digestion by the ferredoxin. The size of these protected, labeled nucleic acid fragments was estimated on a denaturating polyacrylamide gel. The majority had a size of 9-17
nucleotides (Fig.3).After incubation with DNase I,the integrity
of the nucleic acid fragments is maintained, however, they are
completely digested with RNase A, confirming the nature of the
nucleic acid as RNA (Fig.3).
To further investigate the nature of the ferredoxin-bound
RNA (for example, to establish if it originates from a specific
messenger) theextracted, radiolabeled RNA wasused as aprobe
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Fig.5. EPR spectrum of D. vulgaris RNA-bound ferredoxin. Trace
A, reduced ferredoxin; trace B, as isolated ferredoxin. EPR conditions:
microwave frequency, trace A, 9.308 GHz; trace B, 9.309 GHz; microwave power,trace A,0.32 raW; traceB,51mW;modulation amplitude,
2.0mT; temperature, 17K.

Fig.3. Size fractionation of nucleic acid fragments extracted from
ferredoxin. Lanes 1-6, oligomermarkers (23,36,36,31,22,17nucleotides, respectively); lanes 7 - 9 , isolated ferredoxin-bound nucleotides;
lane 7, no addition; lane 8, with RNase A; lane 9, with DNaseI.
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Fig.4. Southern blot of restricted total D. vulgaris genomic DNA.
(A) Hybridized with extracted, [y-32P]ATP labeled RNA from ferredoxin; (B) hybridized with [y-32P]ATP labeled isolated total D.vulgaris
RNA. Lane 1, D. vulgaris DNA+ EcoRI; lane 2, D. vulgaris + Pstl;
lane 3, D. vulgaris + SstU;lane 4, D. vulgaris + Kpril; lane 5, D.
vulgaris+ Smal.

for hybridization with Southern blots of digested D. vulgaris
genomic DNA. Hybridization was under conditions of low stringency, followed by washing the blot at successively increasing
stringency with intermittent exposure to X-ray film. As a control, the same DNA blot was reprobed with radiolabeled total D.
vulgaris RNA. 5 - 7 DNA fragments appeared to hybridize in
the different digests with the labeled ferredoxin-extracted RNA
(Fig. 4). The hybridization pattern was identical when total D.
vulgaris RNA was used as a labeled probe for hybridization.
With total D. vulgaris RNA, the hybridization is kinetically
driven by the most abundant RNA species, i.e. ribosomal RNA,
which composes > 9 0 % of the total RNA. As the hybridization

Fig.6. Cyclic voltammetry at glassy carbon of RNA-free D. vulgaris
ferredoxin. The protein was 0.5mg/ml in 20mM Hepes, pH 7.0, in the
presence of 1mM of the promotor neomycin. The potential scan rate
was 5mV/s. Both [4Fe-4S] and [3Fe-4S] transitions are seen; midpoint
potentials are —360mV and —80mV,respectively, relative tothe NHE.

patterns obtained with the ferredoxin-bound RNA and total D.
vulgaris RNA are similar, it appears that the ferredoxin-bound
RNA is not part of a specific messenger; in this case, a specific
hybridizing DNA fragment would be expected that is not found
after hybridization with total D. vulgaris RNA. It, therefore, appears that ferredoxin binds either randomly to total RNA or
specifically to rRNA.
EPR spectroscopy. The EPR spectrum of isolated D. vulgaris
ferredoxin consists of a near isotropic signal around g = 2.00,
typical for a [3Fe-4S] cluster (Fig. 5B). When the sample is reduced with dithionite, a rhombic spectrum appears with g values
of 2.05, 1.93 and 1.89 (Fig. 5A). This spectrum arises most
probably from a [4Fe-4S] cluster. [3Fe-4S] cluster signals are
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The peak current is proportional to the square root of the
potential scan rate (Fig.7A), therefore, electron transfer is reversible and diffusion controlled. This conclusion is further
borne out bythe observations that thecathodic/anodic peak separation of both transitions is 60mV at a potential scan rate of
5mV/s and that the ratio of cathodic peak current/anodic peak
current is near unity.
The slope of the curve (dE°/dT), obtained by a least squares
fit, is -2.38 mV •K"1(Fig.7B). Given the standard entropy
change AS° - n • F • (dE/dT), and taking n = 1, an entropy
change of -230 J •K"1 •mol -1 for the reduction is calculated.
There is no kink in the slope of the plot of temperature versus
potential, therefore, D.vulgarisferredoxin does not appear tobe
subject to a temperature-induced conformational change.
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Ferredoxins are small proteins containing one or two ironsulfur clusters. They usually function in electron-transfer processes,e.g. inN2fixation, H2metabolism,respiration andphotosynthesis. In this respect, they are comparable to other redox
proteins such as cytochromes; these too are small and are expressed in large amounts. However, some ferredoxins may not
fit this picture. Thomson [4] hypothesized that bacterial ferredoxins may be DNA-binding proteins involved in controlling
gene expression.
Wehavenow isolated aferredoxin from the strict anaerobic,
sulfate-reducing bacterium D. vulgaris(Hildenborough). An attempt was made to sequence both nucleic-acid-bound and nucleic-acid-free ferredoxin from D. vulgaris (Hildenborough).
Knowledge of the N-terminal sequence could help classify this
protein. Unfortunately, both protein chains were blocked. The
ferredoxin was isolated in small amounts (= 1mg); the absence
of a7.5-kDa band inthecell-free extract onaSDS/polyacrylamide gel indicates that this low yield is not an artifact, but that
the protein is expressed in small amounts. If the protein played
a role as aredox carrier, e.g. in the process of sulfate reduction,
a higher abundance would be expected. There is a similarity
between ferredoxin from D. vulgaris(Hildenborough) and ferredoxin II from D. vulgaris(Miyazaki). The latter ferredoxin is a
dimer of subunits, each of 7.2 kDa, and it is isolated in a low
yield [22].These similarities suggest that the two proteins may
have the same function. Akagi [8] proposed that D. vulgaris
ferredoxin functions inelectrontransferbetween periplasmichydrogenase and cytoplasmic pyruvate dehydrogenase. The
electrons released during pyruvate oxidation would be accepted
by ferredoxin and subsequently transferred to cytochrome c3.
Thelatter would act as anelectron donor for periplasmic hydrogenase [8]. However, this cannot be correct, since cytochrome
c3 is located in theperiplasm [23] whereas ferredoxin is located
in the cytoplasm.
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Fig.7.Scanratedependenceoftheanodicpeak current (A)and(B)
temperature dependence of the midpoint potential of the [4Fe-4S]
clusterat glassycarbon.Seetextfordetails.
frequently seen in EPR spectra of oxidized Fe-S proteins, and
although [3Fe-4S]clusters arereported toform aconstituent part
of certain ferredoxins (e.g. inD.gigasferredoxin II [18],and in
ferredoxin III from Desulfovibrioafricanus [19]), these signals
donotnecessarily point tothepresenceof suchacluster invivo.
The [3Fe-4S] cluster can be a degradation product. It is known
that oxidative damage of a [4Fe-4S] cluster can lead to the formation of a [3Fe-4S] cluster [20]. When we compare the concentration of the [4Fe-4S] cluster to the concentration of the
[3Fe-4S] cluster of four different ferredoxin samples, we find
thattheratio [4Fe-4S]/[3Fe-4S]isnotconstant,being24.6,11.3,
12.3 and 4.5, respectively. It, therefore, seems likely that the
[3Fe-4S] cluster is an artifact, due to oxidative damage.
In D. africanus ferredoxin III and A. chroococcum ferredoxin, cluster interconversion is possible between [4Fe-4S] and
[3Fe-4S] clusters [3, 21]. However, for the nucleic-acid-bound
ferredoxin from D. vulgaris, the [3Fe-4S] cluster concentration
did not increase upon anaerobic oxidation with ferricyanide.
Therefore, D. vulgaris ferredoxin does not appear to undergo
cluster interconversion.

The temperature dependence of the reduction potential is
-2.38 mV •K -1 ; the standard reaction entropy is -230 J •K~'
• mol -1 . These values arelarge whencompared tothoseof other
small redox proteins.Forexample, for theRieske [2Fe-2S]-containing water-soluble fragment of bovine heart be, complex, a
standard reaction entropy of —155 JK -1 • mol - ' is calculated
[24]. The temperature dependence of the reduction potential of
the2[4Fe-4S]-containing ferredoxin from Methanosarcina barken strain MS was -0.39 mV • K"' below 18°C, and -1.22 mV
• K -1 above 18°C [25], These values correspond to standard
reactionentropieso f - 3 8 J-K"' mol"1and -118 J-K"' mol - ',
respectively. The standard reaction entropy of reduction reflects
the flexibility of the protein. If the function of a protein were
solely thetransfer ofelectrons,then arigid, redox-state-indepen-

Cyclic voltammetry. Cyclic voltammetry of D. vulgaris nucleic-acid-free ferredoxin at glassy carbon resulted in a voltammogram (Fig.6). Two transitions are seen relative to the NHE,
one at —80mV, the other at —360mV. It is obvious that the
former transition isfrom a minor component. Sincethese potentials are typical for [3Fe-4S] and [4Fe-4S] clusters, respectively,
and with the EPR spectra in mind, we can assign a midpoint
potential Em,7„= -360 mV to the [4Fe-4S]<2+;,+) cluster and
Em,70 = - 8 0 mV to the [3Fe.-4S]°+;0)cluster. Interestingly, only
ferredoxin free from RNA afforded a well-defined voltammogram; when nucleic acid was bound, no signal was detected.
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dent structure would be beneficial. A high standard reaction entropy points to a large conformational change, which may possibly facilitate binding to other molecules, e.g. to nucleic acid.
Alternatively, the in vitro redox transitions may have no physiological significance as, e.g. with aconitase, where the iron-sulfur
cluster acts as a Lewis acid catalyst [26].
The isolated ferredoxin is strongly associated with nucleic
acid. This has been suggested to be the case also for A. chroococcum ferredoxin, although no data have been presented to support this view [4]. Unfortunately, because of the tight binding to
the nucleic acid of D. vulgaris, ferredoxin reconstitution experiments could not be carried out. The nucleic-acid-bound to the
ferredoxin could be identified as RNA. To our knowledge, this
is the first prokaryotic Fe-S protein known to interact solely with
RNA. Specific binding to RNA would support the hypothesis of
Thomson [4] that bacterial ferredoxins play a role in gene regulation. However, a control experiment with total RNA isolated
from D. vulgaris indicated that the binding of the ferredoxin to
RNA may not specific. Given the fact that > 90% of all RNA
in the cell consists of ribosomal RNA, an assumption can be
made that the ferredoxin is bound to ribosomal RNA. We have
made no attempts to sequence the RNA bound to the ferredoxin.
Firstly, the amount of nucleic acid obtained is low. Secondly, the
RNA extracted from the ferredoxin is most likely a mixture of
fragments, since it hybridized with 5—7 DNA fragments.
In summary, two observations suggest that D. vulgaris ferredoxin may not be a redox protein; the protein is expressed in
low amounts, and it has an unusually high standard reaction entropy for the iron-sulfur cluster reduction. Moreover, the fact
that the protein binds to RNA is an indication that it may have
a regulatory function.
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Abstract
Aldehyde:ferredoxin Oxido-Reductase (AOR) from the hyperthermophilic
archaeon Pyrococcus furiosus is a homodimeric protein. Each subunit carries one
[4Fe-4S] cubane and a novel tungsten cofactor containing two pterins. A single iron
atom bridges between the subunits. AOR has previously been studied with EPR
spectroscopy in an inactive form known asthe Red Tungsten Protein (RTP): reduced
RTP exhibits complex EPR interaction signals.We have now investigated the active
enzymeAORwithEPR, and wehavefound anS= 1/2 plus S=3/2 spinmixture from
a non-interacting [4Fe-4S]1+ cluster in the reduced enzyme. Oxidized AOR affords
EPR signals typical for W(V) with g-values of 1.982, 1.953, and 1.885. The W(V)
signals disappear atareduction potential Eml<, of +180mV.This unexpectedly highvalue indicates that the active-site redox chemistry is based on the pterin part of the
cofactor.

1. Introduction
In recent years tungsten-containing enzymes have been purified from an
unexpectedly wide variety of anaerobic microorganisms including the acetogenic
bacteria Clostridiumthermoaceticum\ and Clostridiumformicoaceticum2, the sulfate
reducing bacterium Desulfovibrio
gigas*, the methanogenic archaea
Methanobacterium wolfei*and Methanobacterium thermoautotrophicum5, and the
hyperthermophilic archaea Pyrococcus furiusus6 and Thermococcus litoralis1. All
these enzymes are two-electron transferring oxidoreductases that catalyze one of two
generic reactions,namely, carbon dioxide activation oraldehyde activation8.
The enzyme Aldehyde:ferredoxin Oxido-Reductase (AOR) from P. furiosus
wasinitiallypurified inaninactiveform onthebasisofitsredcolor inthepresenceof
dithionite, and it was given the trivial name Red Tungsten Protein (RTP)9. With the
partially reduced protein an S=3/2 EPR signal was found and tentatively ascribed to
an Fe-S cluster. Upon full reduction a very complex signal appeared (center 'B') and
this was assigned tothedipolar coupling of the S=3/2 systemwith another systemof
unknown origin and spin.Later, the S=3/2 signal was assigned to a [4Fe-4S] cluster
and the second system was denoted as FexSy8>10. However, recently the crystal
structure of P.furiosus homodimeric AOR wasdetermined at0.23 nmresolution, and
the proteins was shown to contain only a single Fe-S cluster per subunit. The X-ray
diffraction analysis alsoshowedthatasingle,mononuclearmetalion,presumably iron,
was bridged between the two identical subunits in an approximately tetrahedral site
formed byaHisand aGluresiduefrom each subunit11.
TheRTPwas showntobeaninactiveform of theAORenzyme.Thelatterwas
obtained by rapid, anaerobic purification in the presence of dithiothreitol and
glycerol. The two forms of the protein RTP and AOR were claimed to be both
monomeric and to be indistinguishable in their EPR properties6. In view of the
apparent discrepancy between these results (i.e. two different Fe-S clusters in a
monomeric protein) and theX-ray crystal analysis (i.e.two identical Fe-S cluster and
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an additional mononuclear sitein ahomodimeric protein) we havere-investigated the
protein in redox titrations monitored with EPR spectroscopy.

2. Materialsandmethods
2.1 Growth, purification, and enzymeactivity
P. furiosus (DSM 3638) was grown on maltose (5 g/1) as described12.
Aldehyde: ferredoxin oxidoreductase was purified anaerobically according to a
modification of the isolation method as described6. All steps were carried out at
ambient temperature, and the isolation was completed out in two days. All buffers
were thoroughly degassed prior to use and contained 10% glycerol, 2 mM sodium
dithionite and 1mMdithiothreitol (DTT).Frozen P.furiosus cells (typically 50gwet
cellmass)weresuspendedin 150mlof20mMTris/HCl,pH8.0,containing 0.1mg/ml
each of lysozyme, DNase I and RNase A, and 2 mM MgCl2. The suspension was
stirred for lh. The cells werebroken in aFrench pressure cellbypassing at 135MPa.
A cell-free extract was obtained as the supernatant after a 1-h spin at 18,000g. The
extract wasdiluted threefold in 20mMTrispH 8.0 and was loaded onto a 100ml QSepharose Fast Flow anion-exchange column. After a 150 ml wash, a 1.5-1 gradient
was applied of 0-0.5 M NaCl in the same buffer. Fractions containing active AOR
(eluting at = 0.30 M NaCl) were pooled and diluted twofold in 5 mM potassium
phosphate buffer, pH 7.5, and were subsequently loaded onto a hydroxylapatite
column (25 ml) equilibrated with the same buffer. A 0.91gradient was applied of 5300mM potassium phosphate, pH 7.5. AOR eluted at 50mMpotassium phosphate.
Pooled fractions were concentrated to a total volume of 2 ml in an anaerobic
glovebox (Miller Howe Ltd, Wadington, UK) using an Amicon YM 30 filter. The
concentrated sample was run on a Superdex G-75 column (Pharmacia) equilibrated
with 20 mM Tris/HCl, pH 8.0. Active fractions were concentrated over Amicon YM
30 and stored in liquid nitrogen until use. Enzyme activity was measured as the
crotonaldehyde oxidation according to Mukund and Adams6 except that the
temperature was 65°C.

2.2 EPR spectroscopy, redoxtitration.
EPR measurements and redox titrations were as described by Pierik et a/.13.
Oxidative redox titrations weredone at ambient temperature in 50mMHepes,pH 7.5
inthepresence of 10%glycerol. Computer simulations ofW(V) spectra werebasedon
the spin HamiltonianH =BB-g-S+ S»A«Iwith S= 1/2,1 = 1/2 (14.4% ^ W ) . Thegand A-tensors were assumed to becolinear and the hyperfine interaction was taken as
a perturbation to the Zeeman interaction to second order14. The intensity was
calculated as described by Aasa and Vanngard15.Approximate simulations of the S=
3/2 [4Fe-4S]l+ spectraweremade aseffective S= 1/2 spectrabroadened byg-strain16
assuming full population ofthe|±l/2> doublet atlow temperatures.

66

2.3 Analytical procedures
Protein was determined using the microbiuret method17. SDS-polyacrylamide
electrophoresis wasperformed onPhast System (Pharmacia) holding aPhastGel SDS
8-25%.Analytical gelfiltration wasperformed with aSuperdex 200HR 10/30column
(Pharmacia)equilibrated with20mMTris/HCl,pH8.0containing 10%glycerol,2mM
sodium dithionite, 1mM DTT, and 0.15 M NaCl, using a flow rate of 0.5 ml/min.
Glucose oxidase (152 kDa), human transferrin (74 kDa), bovine serum albumin (67
kDA), ovalbumin (43 kDa),myoglobin (17.6 kDa) and cytochrome c^(13 kDa) were
used as themarkersfor thecalibration.The void volume wasdetermined withdextran
blue.

3. Results
3.1 Purification and quarternarystructure
The aldehyde: ferredoxin oxidoreductase from Pyrococcus furiosus was
purified in three successive column chromatography steps in two days, resulting in a
purification factor of 10, and a specific activity of 20 U/mg (at 65°C) in the
crotonaldehyde assay.Thesevalues arecomparable tothosepreviously published, i.e.
a purification factor of 11and a specific activity of 54U/mg (at 80 °C)6.No activity
was detected when glyceraldehyde-3-phosphate was used as a substrate.The purified
enzyme appeared as a single band on a SDS gel with amobility corresponding to 80
kDa (not shown). Recently, the crystal structure of P. furiosus AOR was determined
at0.23 nmresolution, and in the crystal the enzyme was shown to be adimer of two
identical subunits of 66 kDa11. In a gel-filtration experiment on a Superdex 200
column the native enzyme ran with an apparent molecular mass of 110 kDa (not
shown). This fits reasonably well with the expected 132kDa of the homodimer. We
conclude thatthepurified aldehyde-oxidoreductase isa homodimer alsoin solution.
3.2EPRofreducedAOR
The EPR spectrum of active, fully reduced enzyme in the presence of 2 mM
dithionite is shown inFig. 1A.Peaks atg =4.70 and 3.45 indicate the presence of an
S =3/2 species.Thesevaluescan befit tothestandard spinHamiltonian H=g6B»S+
D[Sz2-S(S+l)/3] + E(Sx2-Sy2) with the parameters S = 3/2, g = 2.05,E/D = 0.103.
Also, a typical S = 1/2 spectrum is observed with g-values of 2.03, 1.93, and 1.89.
Both spectrapoint tothepresence of a [4Fe-4S]l+ cluster, existing asamixture ofan
S = 1/2 and an S = 3/2 ground state. No change in the EPR spectra was observed
when the enzyme was incubated with 10 mM crotonaldehyde for 10 minutes at
ambient temperature.When the enzyme was oxidized with ferricyanide these signals
disappeared.
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Mukund and Adams reported an additional EPR signal which they labeled
center 'B' 9 . We found no trace of center 'B' in the spectra of our active enzyme
preparations. However,Fig. IB showstheEPR spectrum of inactive AOR, which was
obtained as a side fraction during thepurification of sulfhydrogenase12. The enzyme
was monitored on the basis of its red color, and it was found to be inactive when
assayed for crotonaldehyde oxidation.

600

Figure 1. EPR of reduced P.furiosus aldehyde oxidoreductase. Trace A, active AOR (20
U/mg) in 20 mM Tris/HCl, pH 8.0 containing 2 mM dithionite, 1 mM DTT, and 10%
glycerol. Trace B, inactive AOR, in 20 mM Tris/HCl pH 8.0 + 2 mM dithionite. EPR
conditions: microwave frequency, 9.18 GHz; microwave power, 80 mW, modulation
frequency, 100kHz,modulation amplitude, 1.0mT,temperature, 13K.
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3.3EPR ofoxidizedAOR

AOR could be anaerobically, reversibly oxidized in the presence of redox
mediators. Figure 2A shows the EPR spectrum of the enzyme poised at +328 mV.
Signals are observed at g = 1.982, 1.953, and 1.885. The spectrum remained
unchanged up to 50 K, and only a slight broadening was observed at 125 K,
indicating slow spin-lattice relaxation. This observation, plusthe fact that allg-values
arebelow 2.002,points toad*configuration. Therefore, these signals canbe assigned
toW(V).

320

340

B/mT

Figure2.EPRof oxidized P.furiosus aldehyde oxidoreductase. TraceA,enzymepoised at
+328 mV; Trace B,enzyme poised at +59 mV;Trace C, difference of A minus B;Trace D,
simulation ofspectrumC.Theenzymewasin50mMHepes,pH 7.5containing 10%glycerol,
250 mM NaCl, and 40 uM of each mediator (see ref. [13] for details). EPR conditions:
microwave frequency, 9.18 GHz; microwave power, 3.1 mW; modulation frequency, 100
kHz;modulation amplitude,0.5mT;temperature,41K.Spectra Aand Bare the averageof
five scans.Simulation parameters for trace D:51x51orientations; g-values, 1.8855,1.9533,
1.9820;line widths, 12,6,7mT;tungsten hyperfine splittings, 7.5,4.5,4.2mT;relative 1 8 3 W
concentration,14.4%.
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TheEPR spectrum inFig.2Aexhibits anadditional signalwhich ismoreclearly
seeninFigure 2Bwheretheenzymeispoised at+59mV.Theg= 1.982 spectrum has
disappeared, andasecondrhombic spectrum canbeseen.Thisweak signalwas found
to be present in all preparations, and it is detected over a wide potential range, i.e.
from -100mVtoatleast+328mV.Whenthisrhombic spectrumissubtractedfrom the
spectrum at high potential, a typical d1-spectrum is obtained (Figure 2C). The
spectrum could bebest fitted using 183W hyperfine splittings Axyz of 7.7,4.5,and 4.2
mT (Figure 2D). Simulation of both the spectrum of the unknown and that of the
copper standard provides a simple, accurate meansfor double integration18. Thus,the
intensity oftheW(V) spectrumwasdetermined tobe0.2 spin/monomer.WiththeEPR
spectrum of thefully reduced enzyme theratioof [4Fe-4S]1+ (S=3/2; 1/2) overW(V)
was estimated to be 0.9.The S=3/2 over S= 1/2 ratio of the cubane was found tobe
approximately 3by simulation.
Upon addition of 10 mM crotonaldehyde (10 minutes incubation at ambient
temperature) the W(V) signals completely vanished, indicating that the
crotonaldehydeisabletoreducetheW(V)toW(IV).
In a mediated, oxidative redox titration tungsten (V) signals became only
detectable at potentials above 150 mV (Figure 3).The data points could be fitted to
the Nernst equation assuming aone-electron transition. Areduction potential of +180
mV was determined. At higher potentials redox equilibrium was slow, and it usually
took several minutes before the potential was sufficiently stable to draw an EPR
sample.Thisunstability isreflected inaslight scatterofthedatapoints.
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-300
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Figure 3.EPR redox titration of the tungstopterin. The relative intensities of the
g = 1.953 signal are plotted versus the potential. The solid line represents a least-square fit to
the Nernst equation with n=l.
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4. Discussion
4.1 Reduced AOR contains a non-interacting [4Fe-4S] cluster
P. furiosus AOR was first purified in an inactive form, called RTP. When the
enzyme was partially reduced an S = 3/2 spectrum was found. Upon full reduction a
complex spectrum appeared (center 'B'). This was explained by dipolar coupling of
the S = 3/2 system with another system of unknown origin 9 . Later, the S = 3/2 signal
was assigned to a [4Fe-4S] cluster and the second system was denoted as Fe x Sy 8 - 10 .
P. furiosus RTP was found to be the inactive form of an aldehyde oxidoreductase
(AOR), and the EPR spectra of the active form of the enzyme (AOR) were reported to
be indistinguishable from the inactive form6. No EPR spectra of the active form were
presented.
We have now found that the EPR spectrum of reduced, active AOR is from a
single [4Fe-4S]l + cluster, observed as a spin mixture of two, non-interacting spectra,
i.e. an S = 1/2 and an S = 3/2 spectrum. These findings are in agreement with the
recently published crystal structure, which showed that the enzyme contains only one
Fe-S cluster per monomer 11 . When the enzyme was isolated in an inactive form, we
detected a complex EPR spectrum that was very similar to the center 'B' reported
previously 9 . It is concluded that the complex interaction spectrum (center 'B') is an
artifact caused by inactivation of the enzyme.

4.2 Oxidized AOR contains W(V)
P. furiosus aldehyde: ferredoxin oxidoreductase (AOR) has previously been
shown to contain iron, acid labile sulfide, and a tungstopterin cofactor9. No tungsten
EPR signals have been reported. In a mediated, oxidative titration we have now
detected W(V) EPR signals. As expected for a dl system all g-values are less than
2.00. Previously, tungsten enzymes have been reported to exhibit g-values
significantly greater than 2.00 possibly as a consequence of covalency, e.g. 2.10 for
Clostridium thermoaceticum formate dehydrogenase 19 , or 2.05 for the tungsten
substituted m o l y b d e n u m formylmethanofuran d e h y d r o g e n a s e from
Methanobacterium wolfei20. P. furiosus AOR and the tungsten-containing aldehyde
oxidoreductase from Desulfovibrio gigas^ exhibit a W-EPR spectrum with g-values
all less than 2.00.
In addition to the W(V) signal a weak, second rhombic signal was detected in
P.furiosus AOR. This signal (Fig. 2B) is detected over apotential range from -100 mV
to at least +328 mV. The nature of the weak signal is not clear; it may arise from
another W(V) species, e.g. due to inactivation.
The W(V) EPR spectrum of P. furiosus AOR can be simulated using 183\\r
hyperfine splittings A X y Z of 7.5, 4.5,and 4.2 mT. This is the second enzyme for which
1 8 3 \ v hyperfine splittings are reported. For the tungsten-substituted
formylmethanofuran dehydrogenase from Methanobacterium
wolfei hyperfine
splittings A X y Z of 5.0, 4.6, and 3.1 mT have been reported 20 , which are in the same
range as the values for the native P. furiosus enzyme. Similar values have been
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reported for some tungsten thiolate compounds21, suggesting that these !83w
hyperfine splittings may be common in thiolate-coordinated tungsten complexes or
enzymes.
We have demonstrated that oxidized P.furiosus AOR contains W(V); itsEPR
spectrum appears with an apparent reduction potential Emj 5 of +180 mV. This
implies that reduced AOR contains W(IV). However, George et al. concluded from
EXAFS data thatreduced P.furiosus AORcontains W(VI),and that theW(V)/W(VI)
reduction potential should be less than -500 mV 22 . These apparently mutually
inconsistent observations may have a bearing on studies on Mo model compounds
which showed thatanoverall one-electron oxidation of aformally Mo(VI)=S complex
can be coupled to two-electron oxidation of the sulfur ligands to give a Mo(V) S22"
complex23.While thistype of reaction could also apply to tungsten, neither theX-ray
analysis11 nor EXAFS data22 give any indication for the presence of either a W=S
group or a tungsten disulfide. However, wecannot rule out thepossibility of internal
electron transfer by someother, notyetunderstood mechanism. Nevertheless, whether
or not induced internal electron transfer takes place,the unexpectedly high oxidation
potential fot theappearance of theW(V)inP.furiosus AOR (+180mV) suggests that
the biologically relevant redox chemistry of the enzyme in the strictly anaerobic
archaeon may well take place on the pterin ring system rather than on the tungsten
atom.
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ABSTRACT
Crystals of theprismane protein from Desulfovibrio vulgaris (Hildenborough)
containing aputative [6Fe-6S] cluster havebeen obtained and X-ray datacollected to
aresolution of 1.7 Ausing synchrotron radiation.Theunitcellis orthorhombic witha.
=63.87A,b=65.01A,£=153.49A,spacegroupP212121 (No. 19).Theunitcellwill
readily accomodate four molecules of molecular mass 60 kDa with a corresponding
solvent content of approximately48%.

INTRODUCTION
Iron-sulfur proteins are found in a wide variety of organisms and are usually
involved inelectron transfer processes.Theseproteins contain oneormore iron-sulfur
centers,consisting of iron,inorganic sulfur and/or sulfur atoms from cysteine residues
organized in a cluster. In size they can vary from around 50residues,rubredoxin1, to
several hundred in for example nitrogenase2-5 and the redox potentials also show a
wide variation6-7. Rubredoxin represents the simplest type of cluster with an iron
surrounded byfour cysteine sulfurs, theplantferredoxins havetwo-iron clusters [2Fe2S]with anadditional twocysteine ligands,whereas the largerclusters are comprised
of three orfour iron atoms and four sulfur atoms arranged in the shape of acubeand
there are often more than one cluster per molecule. Even more clusters are found in
enzymes such as nitrogenase, the central enzyme in nitrogen fixation. A novel ironsulfur cluster is supposed to be present in the active site of Fe-only hydrogenases,
possibly a [6Fe-6S] cluster8. Larger clusters are proposed to be also present in
dissimilatory sulfite reductase9-10 and carbon monoxide dehydrogenase11. A useful
summary ofthefield ofiron-sulfur proteinsisthatbyJohnson12.
Hagen, Pierik and Veeger13 reported an unusual iron-sulfur protein isolated
from Desulfovibrio vulgaris (Hildenborough) and suggested a putative [6Fe-6S]
cluster on the basis of EPR measurements and comparison with synthetic clusters of
the type [Fe6S6(L)6)3" whereL =CI",Br, I",RS"and RO".It was noted that the spin
concentration for the protein asisolated was substoichiometric and sample dependent
and this, together with a later study14, suggested that the cluster can exist in four
different redox states, namely: [6Fe-6S]6+ with all irons in the fully oxidized Fe(III)
state and spin S =0, the one electron reduced state [6Fe-6S]5+ with amixture of S=
1/2 (10%) and S= 9/2 (90%),thetwoelectron reduced state [6FC-6S]4*with S=0or
integer, and the three electron reduced state [6Fe-6S]3+ formally containing three
Fe(III) and three Fe(II) ions and with spin S = 1/2. This work was followed by a
comprehensive biochemical and biophysical characterization15 and a primary
structure sequence determination by Stokkermans etal.16. The latter showed that the
protein contained nine cysteine residues and that four of these, located towards the
N-terminus, had a sequence C-2X-C-7X-C-5X-C which could be at least part of a
cluster binding domain. Additional studies using EPR17, multi-frequency EPR and
Mossbauer spectroscopy 14 and low-temperature magnetic circular dichroic
spectroscopy18 have shown further evidence for a [6Fe-6] cluster. Recent Resonance
Raman studies suggest the presence of a Fe-O-Fe structure, indicating a novel
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functionality forthis specialcluster19. Crystallographic studies arenow inprogressat
Daresbury Laboratory andthepreliminary workisdescribed herein.

EXPERIMENTAL
Bacterial growth andprotein purification
Desulfovibrio
vulgaris (Hildenborough) NCIB 8303 holding an
overproducing plasmid (pJSP104) 17 putative prismane protein was grown
anaerobically as described by van den Berg et a/.20. The prismane protein was
purified according totheprocedure byPieriketa/.15.Theprotein was further purified
by FPLC (Pharmacia) on a Q-Sepharose HiLoad column. Theprotein was finally
dialyzed against 5mM Tris (pH8.0),50mM NaCl andconcentrated to24mg/ml.
Protein sampleswere then stored at203Kpriortouse.
Crystallization
The prismane protein crystallized over arange of pH, 5.9-8.0 andPEG8000
concentrations of 18-24 %, using thesitting drop method. However, thebest quality
crystals were obtained using thefollowing procedure; (i) 1.3 - 1.5 (4.1 ofprotein(24
mg/ml in5mMTris,pH8.0,50 mMNaCl)wasdiluted to4pJwith 0.1 MMES(pH
5.9), 66mMMgAc2,(ii)4|j.lsamples were set-upinCrischemplates and equilibrated
against600fxlofwellsolution(0.1MMESatpH5.9,66mMMgC0 3 ),and(iii)plates
were incubated at277K. Crystals usually appeared within four days andgrew toa
maximum sizeof0.7mmwithin tendaysas showninFigure1.

4'
Figure1.Crystalsoftheprismane protein used forX-raydata collection.
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X-ray data were collected from one crystal mounted in thin-walled capillary
containing a small volume of mother liquor on station 9.6 of the Synchrotron
Radiation Source at CCLRC Daresbury Laboratory (2 GeV energy with average
circulatingcurrentof 200mA).This stationderivesitssynchrotron radiation from a3pole wiggler magnet operating at 5T and has aplatinum coated cylindrically curved
fused quartz mirror and a bent triangular Si(III) monochromator as optical elements.
The wavelength selected was 0.87 A and a distance of 265 nm was set between the
sample and a 30cmdiameter Mar-Research image plate detector system. The sample
was cooled to 277 K and a total of 87 one degree oscillation images were recorded
with exposure timesof 60 seconds per image.All theimages were recorded using the
MOSFLM suite of programs21 and a final scaling and data reduction was achieved
usingROTAVATAandAGROVATAfromtheCCP4suiteofprograms(CCP4,1994).

RESULTSANDDISCUSSION
Crystals of theprismaneprotein wereshowntodiffract to 1.5 Aoreven higher,
but in order to collect a complete data set at this higher resolution oscillation ranges
considerably smaller than one degree would have had to be used and this was not
possibleinthesynchrotron timeavailable;itmaywellbethesubject offurther studies.
The statistics of thedata setcollected to1.7 Aaregiven inTable 1andFigure2shows
typical diffraction images. The native data set is clearly of high quality and a search
for putative heavy atom derivatives indicates that p-hydroxymercurybenzoic acid
may be one likely candidate. Further X-ray analysis is in progress.
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Figure 2. (a) A typical diffraction pattern of prismane recorded on station 9.6 at theSRS,
Daresbury Laboratory; 1 =0.87A,crystal todetector distance =265mm.
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(b)Anouter portion ofa typicaldiffraction pattern showing that theresolution extendstoat
least 1.75 A;diffraction data canbe recorded to 1.5 Aoreven higher.
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8.

SUMMARY

Iron sulfur (Fe-S) proteins are found in a variety of organisms. They usually
function in electron transport, but they may also be involved in other functions like
gene regulation and Lewis acid catalysis. The structure and spectroscopic properties
of Fe-S clusters holding one,two,three,orfour iron atomsisknown toagreat extent.
These 'common' clusters share some basic properties. Firstly, they contain not more
than four iron atoms. Secondly, despite thefact that they may contain more than one
iron atom, they exist in two (physiological) redox states only. Thirdly, they are
characterized by alowelectron spin,i.e. they areusually S= 1/2. However, thereisa
strong indication thatFe-Sclusters existwhich donot obeythese generalrules.These
clustersmay hold morethan four ironatoms,theyareusually high-spin (S>3/2),and
they may exist in more than two redox states. Because of these properties these
clusters are referred to as superclusters. When I started this research project, six
potential systems wereproposed tocontain larger(>4Fe)oruncommon (WFe3S4)FeSclusters.Theseenzymesareinvolved in(multi-electron)redoxcatalysis:
1.Nitrogenase
2. Fe-only hydrogenase
3.Dissimilatorysulfitereductase
4. carbonmonoxide dehydrogenase
5.Prismaneprotein
6.Pyrococcusfuriosus aldehyde oxidoreductase
Theaimofmythesisistostudyphysical,chemical, andbiological propertiesof
multi-electron transferring enzymes, in a quest for possible new structures and
functions ofbiologicalFe-Sclusters.
Chapter 2 describes the purification and characterization of a dissimilatory
sulfite reductase from Desulfosarcinavariabilis.The enzyme belongs to theclassof
desulforubidins, as was deduced from its UV/vis absorption spectrum. It is aa262Y2
hexamer of =208kDa, and itwasfound tocontain =15Fe and=19 S2".The oxidized
enzyme exhibited S=9/2 Fe-S EPR signals (g = 16).Similar signals have previously
been found in Desulfovibrio vulgaris (Hildenborough) desulfoviridin by Pierik and
Hagen,whosuggested thepresenceofalargerFe-Scluster.Withthefinding of similar
very high spin signals alsoinD. variabilisdesulforubidin, itappears thatthe presence
of aS=9/2Fe-S (super)cluster iscommoninalldissimilatory sulfite reductases.The
sirohemes in D. variabilisdesulforubidin were found to be fully metalated, and none
of the Fe-S EPR signals gave indication for dipolar and/or exchange coupling with
siroheme. These observations are interpreted as supportive evidence against the
previously proposed model of a bridged cubane/siroheme as the active site for
dissimilatory sulfitereductases.
The extreme hyperthermophile Pyrococcus furiosus contains a NiFe
hydrogenase which not only reversibly oxidizes hydrogen but also reduces elemental
sulfur (S°)toH2S.The Archaeon was succesfully grown in a2001 fermentor at90°C
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on potato starch, and the hydrogenase could be purified aerobically without loss of
activity. Incontrast toprevious reported data theenzyme wasfound tocontain 17Fe,
17S2",and0.74 Ni.ThreeEPR signalswerefound; anear-axial (g=2.02, 1.95, 1.92)
S = 1/2 signal (EmJ5 = -303 mV) indicative of a [2Fe-2S](2+;i+> cluster, a broad
spectrum of unknown origin (g =2.25, 1.89; Emj$ =-310mV),and a novelrhombic
S = 1/2 EPR signal (g =2.07,1.93, 1.89) reminiscent of a [4Fe-4S](2+:1+)cluster. This
rhombic signal appears with areduction potential of Emj5 =-90mV, and disappears
at£,1,7.5= -328 mV. The latter observation suggested that this cluster is capable of
taking up two electrons, and, therefore, that it is a supercluster. However, it is
hypothesized that the disappearance of the signals at low potential is caused by
magnetic interaction of therhombic g =2.07 signal with athird paramagnet,resulting
in a broad interaction signal. Hence, there is no indication for the presence of a
supercluster inP.furiosus NiFe hydrogenase (chapter 3).
In the NiFe hydrogenases of several organisms as well as in the Fe-only
hydrogenases of Megasphaera eldenii andDesulfovibrio vulgaris (Hildenborough)
novel Fourier transform infrared (FTIR) detectable groups were found. The bands
occur in theregion of 2100-1800cm"1, which corresponds to stretching vibrations of
polar triple bonds,metalhydrides,orasymetricallycoupled vibrations of two adjacent
double bonds. The position of these bands shifted upon oxidation and reduction of
the enzymes.FTIR bands in this region were notdetected in alarge control groupof
Fe-S and/ornickel containing proteins including ametal-free hydrogenase. The FTIR
groups in NiFe hydrogenases are assigned to thethree unidentified small non-protein
ligands that coordinate the Fe as observed in the X-ray structure of Desulfovibrio
gigas NiFe hydrogenase. Thus far, the structural difference between NiFe- and Feonly hydrogenases had been thought to reside in the absence or presence,
respectively, of a novel Fe-S cluster (H-cluster) which is proposed to be the site of
hydrogen activation. The finding of similar FTIR groups in both Fe-only and NiFehydrogenases might suggest that the hydrogen-activating site of both classes of
hydrogenases encompasses of a bimetallic center involving a low spin Fe ion with
FTIR-detectablegroups.
During the purification of several proteins from Desulfovibrio vulgaris strain
Hildenborough a yellowish fraction eluted from the first anion exchange column at
high NaCl concentration. It was observed that this fraction absorbed strongly at 260
nm. Attempts were made to purify the protein. The protein turned out to be a
ferredoxin, asconcluded from its size (ahomodimer of subunits,each of 7.5 kDa),its
pi (3.9) and its EPR spectrum in thereduced state, indicating the presence of a [4Fe4S](2+;1+)cluster.Theproteinwasassociated withRNA havingatypical sizeof 9-17
nucleotides. Hybridization experiments with extracted, radiolabeled RNA and
digested D. vulgarisgenomic DNA indicated that the ferredoxin binds either to total
RNA or specifically torRNA.The suggestion ismade thatD. vulgarisferredoxin may
not be a redox protein, but that it may have aregulatory function. This suggestion is
supported bytheunusually high standard reaction entropy of reduction of -230 J»K~
l*mol~l. This would be the first prokaryotic Fe-S protein known to function in
translation regulation.
In chapter 6 an EPR/redox study is presented on the tungsten-containing
aldehyde oxidoreductase (AOR) from the hyperthermophile Pyrococcusfuriosus. The
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enzyme had previously been suggested to hold a [WFe3S4] cluster. Highly active
AOR could be obtained by rapid, anaerobic purification (i.e.within two days). Only
active enzyme was used for this study. The fully reduced enzymeexhibited amixture
of S = 1/2 and S = 3/2 Fe-S EPR signals. Oxidized AOR afforded signals typical for
W 5+ (g = 1.982, 1.953, 1.885). Shortly after this research project started the X-ray
structure of P.furiosus AOR was elucidated by Chan et al., who showed that the
enzyme contains one [4Fe-4S] cluster and one tungsten cofactor per subunit. Our
data are in agreement with the crystal structure, which excluded the possibility of a
[WFe3S4] cluster. Such a cluster would have been a completely novel Fe-S cluster.
TheW 5+spectrumcouldbesimulated using I83\yhyperfine splittingconstantsAxyzof
7.7,4.5,and4.2 mT. Areduction potential Emj 5 =+180mVwasdetermined for the
couple W4+/W5+. Given the low reduction potential of the substrate, it is suggested
that thebiologically relevant redox chemistry may not notbe located on the tungsten,
butrather on thepterin cofactor.
The prismane proteins of Desulfovibrio vulgaris (Hildenborough) and
DesulfovibriodesulfuricansATCC 27774 areproposed tocontain a [6Fe-6S] cluster.
A similar cluster has been proposed to be present in the active site of Fe-only
hydrogenases. Unfortunately, crystallographic evidence for the presence of [6Fe-6S]
clusters is still lacking. Several attempts were made to crystallize theD. vulgaris(H)
protein in our lab, but these were all unsuccessful. Eventually, high quality crystals
were obtained in Daresbury, U.K. in collaboration with prof. Lindley. Crystals grew
within four days, and grew to a maximum size of 0.7 mm within ten days. The
resolution of the diffraction pattern extends to 1.7A. The unit cell is orthorhombic,
with spacegroup P2j2i2i. The unitcell will readily hold four molecules of molecular
massof 60kDa,with asolventcontent of approximately48%.
Generally,Ilooked for superclusters inthefollowing multi-electron transferring
enzymes: dissimilatory sulfite reductase, hydrogenase, and P. furiosus aldehyde
oxidoreductase. For Desulfosarcinavariabilisdissimilatory sulfite reductase I found
indication for thepresence of a supercluster, whereas for hydrogenases thefinding of
novel FTIR resonances suggest a unique metal structure to be part of the active site.
No indication was found for the presence of a supercluster in Pyrococcus furiosus
aldehyde oxidoreductase, but the enzyme showed to be an interesting case for the
study of biological tungsten. An apparent supercluster in Pyrococcusfuriosus NiFe
hydrogenase turned out to be most likely a [4Fe-4S] cluster. An RNA-binding
ferredoxin from Desulfovibriovulgaris(H) may bethefirst example of aprokaryotic,
gene regulating Fe-S protein. Finally, elucidation of the crystal structure of the
prismane protein from Desulfovibrio vulgaris (Hildenborough) will be a major step
towards thedevelopment of theconcept of largerFe-S clusters.
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SAMENVATTING

Doelvanhetonderzoek
Inditproefschrift beschrijf ikeen onderzoek naardebiologische,chemischeen
fysische eigenschappen van multi-electronoverdragende enzymen, met speciale
aandacht voor nieuwe structuren en funkties van biologische ijzer-zwavelclusters.
Inleiding
In de biochemie wordt de moleculaire basis van het leven bestudeerd. Alle
levende wezens (bacterien, planten, dieren en mensen) zijn opgebouwd uit grote
moleculen zoals DNA en eiwitten. Eiwitten zijn lange opgevouwen ketens van
tientallen tot honderden aminozuren. Er zijn twintig verschillende aminozuren. Door
eindeloze variatie in combinatie van aminozuren kunnen ontelbaar veel unieke
eiwitten worden gevormd. Eiwitten hebben vele functies: ze zorgen ondermeer voor
structuur, ze transporteren allerlei belangrijke stoffen en ze voeren reacties uit.
Eiwitten die reacties katalyseren (= versnellen) worden enzymen genoemd. Om alle
processen in het leven gaande te houden is energie nodig. We hebben energie nodig
om te groeien, te bewegen, ons voort te planten en om te denken. Die energie ligt
opgeslagen in electronenrijke verbindingen en kan vrijkomen wanneer de electronen
aan die stof worden onttrokken en worden overgedragen op een andere verbinding;
er stromen electronen. Een en ander kan worden uitgelegd aan de hand van een
waterkrachtcentrale. Waterkrachtcentrales maken gebruik van de potentiaal van
water. Stuwdammen houden het water tegen dat met grote kracht tegen de dam
drukt.Alshetwatergaat stromen komtdieenergievrij omerbijvoorbeeld een turbine
mee aan te drijven. De potentiele energie van water wordt zo omgezet in electrische
energie. Electronen (kleine, geladen deeltjes) kunnen van de ene naar de andere
verbinding "stromen". Dit proces is een redox-reactie. Redox staat voor reductieoxidatie. Het onttrekken van electronen wordt oxidatie genoemd, het toevoegen van
electronen reductie. De energierijkdom van een verbinding wordt uitgedrukt in de
redoxpotentiaal van die verbinding. De redoxpotentiaal is een electrochemisch
concept. Om de energie te kunnen gebruiken is het van belang dat redoxreacties in
kleine stapjes plaatsvinden; anders gezegd: het potentiaalverschil tussen twee
verbindingen mag niet tegroot zijn. Inde analogie van de waterkrachtcentale: als het
watermetenormgeraas door dedamdendertkunnen weernietsmee doen,wewillen
dat het netjes langs de schoepen stroomt. Om de redoxreacties in goede banen te
leiden zijn erspecialeeiwitten, zogenaamderedoxenzymen. Netalsde electronenrijke
verbindingen worden ook redoxenzymen gekenmerkt door een zekere
redoxpotentiaal. Stel nu eens dat er een redoxreactie plaatsvindt waarbij electronen
worden overgedragen van verbinding A met een potentiaal van bijvoorbeeld tien,
naar verbinding B met een potentiaal van nul. Het potentiaalverschil is dus tien. Om
deze reactie gecontroleerd te laten verlopen wordt zij opgedeeld in tien kleinere
reacties die alle een potentiaalverschil van een hebben. De biochemicus verwacht nu
datelk van de tien subreacties wordt uitgevoerd door een apart redoxenzym met een
potentiaal dieovereenkomtmetdievan deuittevoeren reactie.Redoxenzymnummer
een heeft een potentiaal van tien, redoxenzym twee een potentiaal van negen
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enzovoort. Met de kennis van de potentiaal van een redoxenzym kan men een
voorspelling doen over de reactie die het zal uitvoeren. Een redoxenzym draagt
electronen over van de ene verbinding op de andere. Zo'n enzym moet over de
mogelijkheid beschikken om electronen (tijdelijk) op te slaan. Daartoe bezitten
redoxenzymen zogenaamde "redox-actieve groepen". Men kan zich dit aldus
voorstellen: een redoxenzym bindt aan een verbinding, haalt daar een electron af,
stopt dit op de redox-actieve groep in het enzym, bindt aan een andere verbinding,
haalt het electron weer van de redox-actieve groep af en plaatst het op die tweede
verbinding. Veel redoxenzymen bevatten metalen, die als redoxgroep blijken op te
treden.Metalen kunnen 66n of meerelectronen afstaan. Wekennen dit uit de praktijk
wanneer een ijzeren voorwerp roest. Bij hetroesten worden er drie electronen uiteen
ijzeratoom gehaald; roesten is een redoxreactie. Biologisch ijzer kent twee
redoxtoestanden:Fe 2+ enFe3+. Een ijzeratoomin eenredoxenzym zou aldus alseen
redoxgroep kunnen dienen. Echter, de potentiaal van ijzer ligt vast (tenminste als de
zuurgraad en de temperatuur niet veranderen). Om alle subreacties uit te kunnen
voeren is ijzer dus niet geschikt. Toch vinden we in veel redoxenzymen ijzer als
redoxgroep (en andere overgangsmetalen als nikkel, koper, cobalt, molybdeen,
wolfraam, mangaan en vanadium). Kennelijk is er een manier om de redoxpotentiaal
van ijzer (en andere metalen) te varieren. Gebleken is dat de omgeving van een
ijzeratoom de potentiaal bei'nvloedt. We vinden ijzer dan ook nooit zomaar "los" in
het redoxenzym, maar op heel specifieke wijze gecoordineerd. De meest bekende en
meest voorkomende ijzerstructuur zijn ijzer-zwavelclusters. Figuur 1 laat vier
"gewone"ijzer-zwavelcluster zien.Declusterinfiguur 1.4 bestaatuitvierijzer- envier
zwavelatomen dieeenkubus vormen;er zijn echter ookclusters meteen, tweeen drie
ijzeratomen bekend (figuur 1.2 t/m 1.4). De cluster wordt via de ijzeratomen in het
redoxenzym op zijn plaats gehouden door (doorgaans vier) aminozuren. Dit op zijn
plaats houden noemt men liganderen; de betrokken aminozuren zijn liganden.
Alhoewel deijzer-zwavelcluster infiguur 1.4vierijzeratomen bezitkan hij slechtseen
electron opnemen in plaats van vier. Dit blijkt een kenmerk te zijn van alle "gewone"
ijzer-zwavelclusters. Voor ijzer-zwavelclusters geldt dat hoe meer ijzeratomen de
cluster bevat, des te groter het potentiaalbereik is. Opdeze wijze is het probleem van
een te geringpotentiaalbereik van ijzer opgelost.
Alhoewel de meeste eiwitten met ijzer-zwavelclusters (Fe/S-eiwitten)
betrokken zijn bij electronentransport blijkt dit toch niet de enige functie te zijn. In
zoogdieren is een eiwit gevonden dat betrokken is bij de ijzerhuishouding. Dit eiwit
heeft een regulerende functie en het blijkt een ijzer-zwavelcluster te bevatten. Van
sommige Fe/S-eiwitten is bekend dat ze reacties uitvoeren waarbij helemaal geen
electronen worden overgedragen.
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Een speciaal type ijzer-zwavelenzymen katalyseert de omzetting van kleine,
anorganischemoleculen.Voorbeelden van dezemoleculen zijn stikstof (N2),waterstof
(H2), koolmonoxide (CO), zwaveloxides (SO x ) en stikstofoxides (NO x ). Deze
moleculen vormeneenpotentiele energiebron (H2), zijn eengrondstof voor kunstmest
(N2), of bedreigen het milieu (NO x , SO x ). Industriele omzetting van dergelijke
moleculen is een moeizaam en duur proces; het kan alleen onder stringente condities
plaatsvinden (hoge druk en temperatuur). Sommige bacterien daarentegen voeren
deze reacties schijnbaar moeiteloos uit. Daartoe bezitten zij speciale enzymen. Deze
multi-electronoverdragende enzymen bevatten ijzer-zwavelclusters. De complexiteit
van deze ijzer-zwavelclusters staat in scherp contrast met de schijnbare eenvoud van
kleine, anorganische moleculen die worden omgezet. Kennelijk voldoen "gewone"
ijzer-zwavelclusters niet meer wanneer deze moleculen moeten worden omgezet.
Onderzoek heeft uitgewezen dat deze clusters waarschijnlijk meer dan vier
ijzeratomen bevatten en dat ze meer dan een electron kunnen opnemen. Bovendien
bezitten deze clusters bijzondere magnetische eigenschappen. Door deze drie
kenmerken onderscheiden ze zich van "gewone" ijzer-zwavelclusters. We noemen ze
"superclusters". Een voorbeeld vaneen supercluster isde [6Fe-6S] cluster (figuur 2),
waarvan verondersteld wordt dat hij voorkomt in het prismaaneiwit en in
ijzerhydrogenases. Bij aanvang van dit onderzoek waren er zes potentieelsuperclusterbevattende enzymen:
Tabel 1.Mogelijk-superclusterbevattende enzymen
Enzym

reactie

Nitrogenase
IJzerhydrogenase
Sulfietreductase
COdehydrogenase
Prismaaneiwit
Aldehyde oxidoreductase:

N 2 +8H+ +8e"->2NH 3 +H2
2H + +2e~- » H 2
SO32- +6H+ +6e"-> S 2 '+3H 2 0
C 0 2 +2H+ +2e"->CO +H 2 0
?
RCHO+ Fd(ox)-» RCOOH + Fd(red)

(1)
(2)
(3)
(4)
(5)

(Fd= ferredoxine)

Dit proefschrift beschrijft een onderzoek naar de biologische, chemische en
fysische eigenschappen van multi-electronenoverdragende enzymen, met speciale
aandacht voor nieuwe structuren en funkties van biologische ijzer-zwavelclusters.
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Figuur2.[6Fe-6S]cluster

Resultaten
Zwavel iseenelementdat voorkomt in deaminozurencysteineen methionine.
Mens en dier moeten deze aminozuren via het voedsel opnemen maar planten en
bacterien kunnen ze zelf maken. Hiertoe bezitten zij speciale enzymen waaronder
sulfietreductase. Dit enzym reduceert sulfiet tot sulfide waarna het kan worden
ingebouwd (geassimileerd), ziereactie 3.Dissimilatoir sulfietreductase voert dezelfde
reactie uit maar in dit geval wordt de sulfiet gebruikt voor ademhaling; sommige
bacterien kunnen ademen met sulfaat, sulfiet iseen intermediair in dit proces.Uit de
sulfaatreducerende bacterie Desulfosarcina variabilis is een dissimilatoir
sulfietreductase geisoleerd (hoofdstuk 2). Er werden bijzondere electron
paramagnetische resonantie (EPR) signalen gemeten.Dergelijke signalen waren reeds
eerder gevonden in het vergelijkbare enzym uit de sulfaatreduceerder Desulfovibrio
vulgaris (Hildenborough), hetgeen werd uitgelegd als een aanwijzing voor het
voorkomen van een supercluster. Nudergelijke EPR-signalen ook zijn aangetroffen in
D. variabilis desulforubidine ishetaannemelijk datalledissimilatoire sulfietreductases
een S = 9/2 supercluster bevatten. Desulfosarcina variabilis dissimilatoir
sulfietreductase bevat ook heem. Er is geen indicatie voor interactie (koppeling)
tussen de ijzer-zwavelclusters en de heem, hetgeen wordt uitgelegd als bewijs tegen
een model waarin een gekoppelde vier-ijzercluster/siroheem-structuur wordt
voorgesteld als hetactievecentrumvan dissimilatoire sulfietreductases.
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Het hyperthermofiele organisme Pyrococcusfuriosus groeit bij temperaturen
rond het kookpunt van water en komt o.a. voor bij vulkanische bronnen. Dit
organisme bezit het enzym hydrogenase, dat niet alleen reversibel waterstof oxideert
(tabel 1, reactie 2) maar ook elementair zwavel (S°) reduceert tot zwavelwaterstof
(reactie6).
S°+2e-+2H+->H2S

(6)

Het organisme werd gekweekt ineen 200-literfermentor bij 90°C,en het hydrogenase
kon aeroob worden gezuiverd. In hoofdstuk 3 wordt een studie beschreven naar de
redox- en spectroscopische eigenschappen van dit enzym. Een nog niet eerder
gemeten EPR (electron paramagnetische resonantie) signaal werd gevonden. Dit
signaal komt op bij een redoxpotentiaal van -90 mV, maar opmerkelijk genoeg
verdwijnt het weer bij lagere potentiaal. Hoewel dit erop zou kunnen wijzen dat de
cluster twee keer een electron kan opnemen, wordt verondersteld dat het verdwijnen
van het EPR signaal wordt veroorzaakt door magnetische interactie met een andere,
onzichtbare cluster ofmetaal,alsgevolg waarvan een interactiespectrum onstaat.
In de ijzerhydrogenases van de bacterien Desulfovibrio
vulgaris
(Hildenborough) en Megasphaera elsdenii, alsmede in diverse nikkel/ijzerhydrogenases werden infrarood (FTIR) signalen gevonden (hoofdstuk 4). De positie
van deze signalen veranderde wanneer de enzymen werden geoxideerd of
gereduceerd. De FTIR groepen konden worden toegeschreven aan de drie nietgei'dentificeerde liganden zoals die uit de recente kristalstructuur van een
nikkelhydrogenase naar voren kwamen. Het feit dat deze signalen nu ook zijn
aangetroffen in ijzerhydrogenases, maar niet in een grote (controle)groep eiwitten met
nikkel en/of ijzer-zwavelclusters, zou erop kunnen wijzen dat alle hydrogenases
eenzelfde actieve centrum hebben: een bimetallisch centrum, bestaande uit een
ijzeratoom ineen lageelectronspin-toestand, plusdeFTIR-detecteerbare groepen.
Tijdens zuiveringen van andere eiwitten uit de bacterie Desulfovibrio
vulgaris (Hildenborough) werd een gele fractie aangetroffen die bij hoge
zoutconcentratie van de anionenwisselaarkolom elueerde. Er waren aanwijzingen dat
heteiwit sterk aan nuclei'nezurenbond. De zuivering enkarakteristieken van dit eiwit
worden beschreven in hoofdstuk 5. Het bleek dat het eiwit niet aan DNA maar aan
RNA bond. Het eiwit bevat een [4Fe-4S] cluster; het bleek een ferredoxine te zijn.
Vanwege de sterke binding aan RNA (en niet aan DNA) wordt voorgesteld dat dit
ferredoxine niet betrokken is bij electronentransport, maar dat het een regulerend
eiwit is. Deze hypothese wordt gesteund door de van de onverwacht grote
standaard-reactie-entropie van dereductie van -230J»K~l«mol~l.
Er zijn slechts enkele enzymen bekend die hetmetaal wolfraam (W) bevatten;
zeworden voornamelijk in thermofiele en hyperthermofiele organismen aangetroffen.
De hyperthermofiel Pyrococcus furiosus bezit drie wolfraamenzymen waaronder
aldehydo-oxidoreductase (AOR). Van het AOR werd verondersteld dat het een
[WFe3S4] cluster bevat. Een studie van dit enzym wordt beschreven in hoofdstuk 6.
Aktief AOR werd verkregen naeen snelle,anaerobe zuivering. Volledig gereduceerd,
aktief P. furiosus AOR vertoonde electron paramagnetische resonantie (EPR)
signalen die wijzen op de aanwezigheid van een [4Fe-4S] cluster; er waren geen
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aanwijzingen dat het enzym een [WFe3S4] cluster bevat. In het geoxideerde enzym
werden EPR-signalen gemeten die konden worden toegeschreven aan wolfraam
(W5+). Deze resultaten zijn in overeenstemming met de inmiddels beschikbare
kristalstructuur van P. furiosus AOR, die de aanwezigheid van een [4Fe-4S] cluster,
alsmede een wolfraam-cofactor toont. De gemeten reductiepotentiaal van het
W 4+ /W 5+ koppel is +180 mV. Deze onverwacht hoge potentiaal wijst erop dat niet
wolfraam, maardepterine-cofactor deredoxactievegroepis.
Van de prismaaneiwitten uit Desulfovibrio vulgaris (Hildenborough) en D.
desulfuricans ATCC 27774 wordt verondersteld dat ze een [6Fe-6S] cluster
bevatten. Tevens wordt verondersteld dat een dergelijke cluster voorkomt in het
aktieve centrum van ijzerhydrogenases. Helaas is er nog geen kristalstructuur van
deze cluster beschikbaar. Na enkele pogingen om het prismaaneiwit van
Desulfovibrio vulgaris (Hildenborough) te kristalliseren in ons lab, kon het eiwit
uiteindelijk worden gekristalliseerd in Daresbury, Engeland. Kwalitatief zeer goede
kristallen werden verschenen binnen vier dagen; na tien dagen waren ze volgroeid tot
0.7 mm.Deresolutie van hetdiffractiepatroon isminimaal 1.7Angstrom, hetgeen een
nauwkeurige kristalstructuur mogelijk maakt. De resultaten worden beschreven in
hoofdstuk 7.
Samenvatting en conclusies
Op zoek naar superclusters heb ik de volgende multi-electronoverdragende
enzymen bestudeerd: dissimilatoir sulfietreductase, hydrogenase en Pyrococcus
furiosus aldehyde oxidoreductase. Voor Desulfosarcina variabilis dissimilatoir
sulfietreductase heb ik aanwijzing gevonden datdit enzym een supercluster bevat.De
ontdekking van infraroodsignalen in hydrogenases wijst in de richting van een
unieke metaalstruktuur in het aktieve centrum van alle waterstof-oxiderende
hydrogenases. Ik heb geen aanwijzing gevonden voor de aanwezigheid van een
supercluster in Pyrococcusfuriosus aldehyde oxidoreductase, maar het enzym bleek
een interessante "case" om de funktie van biologische wolfraam te bestuderen. Het
RNA-bindende ferredoxine uit Desulfovibrio vulgaris (Hildenborough) is mogelijk
het eerste prokaryotische genregulerende ijzer-zwaveleiwit. Ten slotte zal de
verwachte kristalstructuur van het prismaaneiwit uit Desulfovibrio vulgaris
(Hildenborough) een belangrijke stap voorwaarts zijn in het onderzoek naar de
structuur van superclusters.
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